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. I. Some Spiral Figures observable in Crystals, illustrating the 
Relation of their Optic Axes. By Lewis Wricut*. 


[Plate I. | 


THE true relation of the optic axes in uniaxial and biaxial 
crystals has always been an interesting subject. We know 
that if the crystals be both polarized and analyzed circu- 
larly, and we disregard any dispersion of the axes for various 
colours, the axis of a uniaxial and one of the two axes of 
a biaxial present ultimately similar phenomena. Here, for 
example, is the well.known system of rings and brushes pre- 
sented by a plate of calcite (Pl. I. fig. 1). Asis well known, if 
we interpose between the polarizer and the crystal a quarter-. 
wave plate, the black cross disappears, to be replaced by grey 
nebulous lines (fig. 2), on alternate sides of which the quadrants 
are dislocated; and if now we interpose a second qua’ ver-wave 
plate between the crystal and the analyzer, when che latter is 
either crossed or parallel even these lines disappear, and we 
get simply a series of circular rings with no break whatever 
(fig. 3). Let us now take a plate of sugar cut across one of 
its two optic axes. This crystal is suitable for our purpose as 
having scarcely any axial dispersion, so that one of its axes 
gives sensible circles, which many other biaxials do net. 


* Read November 12, 1881. 
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Placing it in the stage, we have a system of rings traversed 
by a straight brush (fig. 4), which, on interposing the first 
quarter-wave plate, becomes a grey line, on each side of which 
the semicircles are dislocated (fig. 5) ; but now interposing 
the second quarter-wave plate, we have perfect unbroken 
circles as before (fig. 6). 

Now this might seem to imply that the optic axis of the 
uniaxial calcite resembled in its character that of a single 
axis of the sugar, or biaxial. It need hardly be said here, 
that such was not the view taken of the matter by those intel- 
lectual giants who chiefly shaped into definite form the theory 
of double refraction in crystals. Gradually this theory was 
simplified, until Fresnel finally framed the conception of three 
elasticities within the crystal in the direction of three rectan- 
gular axes. If all three elasticities were equal, there was no 
double refraction ; if only two were equal, there was a single 
axis of no double refraction in the direction of the third ; if 
all were unequal, there were two such optic axes. . In any 
conceivable case the wave-surface could be calculated or geo- 
metrically projected upon this hypothesis; and it is needless 
to repeat how, after its author had passed away, Sir William 
Hamilton worked out from his conceptions the remarkable and 
unforeseen results of conical and cylindrical refraction which 
were experimentally verified by Dr. Lloyd (a'so removed from 
us during the past year). That extraordinary verification of 
Fresnel’s theory, which makes the optic axes mere resultants 
of three rectangular elasticities, has always been considered to 
have placed it upon an impregnable basis, and seems only to 
have left for future experiment the possibility of perhaps some 
further illustration, which is the sole object of this paper. 

For observe that, according to this theory, the optic axis of 
our calcite would noé correspond in character with a single 
axis of the sugar or any other biaxial, but must be regarded 
as simply a limiting case in which both such axes coincide. 
Tris is well illustrated by the celebrated experiments of Pro- 
fessor Mitscherlich in gradually applying heat to crystals, 
especially to a crystal of selenite, and thereby altering by the 
unequal expansion their respective elasticities. . 

Of the two axes gradually approaching till they unite into 
one as the elasticities are gradually equalized, there could be 
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no clearer proof than this old experiment. But it seemed 
worth while to seek further illustration of one particular point, 
viz. that the axis of the uniaxial crystal did actually retain or 
embrace within itself, in some visible form, optical characte- 
ristics of the two axes thus brought, temporarily or perma- 
nently, into coincidence. This object seemed most likely to 
be obtained by the aid of quartz, or some other substance pos- 
sessing similar properties of rotary polarization. Such sub- 
stances having, apart from their ordinary doubly-refractive 
effects, two different awial velocities or waves capable of being 
brought into interference, and the two axes of a biaxial being 
according to hypothesis dissimilar, one being principal and 
the other secondary to it, it seemed probable that by proper 
means the two axes might be made to exert some kind of 
differential or selective action upon the two sets of waves 
passing through the rotary substance. I was confirmed in 
this expectation by the curious double spiral, first noticed by 
Sir George Airy, as displayed by quartz itself when subjected 
to circularly polarized light, the cause of which appeared to me 
to be connected with this very matter, as we shall presently 
see to bethe case. After observing with more care than usual, 
therefore, the effects of quartz in combination with other crys- 
tals in various ways, most of which have been described by 
various observers, I finally adopted the following arrange- 
ment :—We introduce first, next to the polarizer, a quarter- 
wave plate, then (in the convergent rays) a plate of calcite, 
and next to this a plate of quartz 5 to 74 millim. thick. The 
result of this arrangement is the system of double spirals, 
mutually enwrapping each other, now on the screen (fig. 7). 
This figure only changes in colour, or moves to or from 
the centre, as the analyzer is rotated—though there are of 
course only certain complementary positions of the polarizer, 
related to that of the quarter-wave plate, which produce them. 
The point to be ! ere observed is the double character of the 
spiral in this uniaxial crystal. 

This figure, however, so closely resembled in all but the 
number of its convolutions the one exhibited by quartz alone, 
as described by Sir George Airy in the Cambridge Transac- 
tions for 1831, that it might possibly be due to the quartz 
itself in the convergent light; it was necessary to see if there 
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were any differential results with other crystals, and, finally, 
to see if they remained when any such possible cause for them 
was removed. A single axis of sugar was therefore next 

laced in the crystal-stage in place of the calcite; and the 
result is again before you (fig. 8). Observe that, with this 
single axis of a biaxial, we no longer have the double spiral, 
but a single one, corresponding exactly to the supposed rela- 
tion of which we are in search, and also showing that the 
figures are not proper to the quartz as such, but to some selec- 
tive action of the axes of the other crystals upon the two axial 
waves of the quartz and their interferences. A single axis of 
iron sulphate, and this crystal, cut across a single axis of a 
topaz, gives similar single spirals. 

The single axis being thus tested, we place in the stage a 
biaxial cut across both axes—in this case nitre (fig. 9). The 
supposed relation still holds good: each axis now has its own 
distinct spiral, and the two mutually enwrap one another as in 
the calcite. 

The same is true of crystals whose axes include much wider 
angles; but to show their spirals we must alter our arrange- 
ments. Extra convergent lenses are added in a moment; but 
if we placed a quartz plate in the strongly convergent light 
we have to employ to bring both axes of such crystals upon 
the screen togther, the rings and spirals proper to the quartz 
itself, which have not appeared in the very moderate conver- 
gence so far used, would now appear so strongly as to over- 
power and distort those due to the crystals under examination. 
We also want to ascertain beyond doubt that the effects are 
not due to any convergence of the rays traversing the quartz, 
but solely to selective action upon the right-handed and left- 
haaded waves traversing itaxially. We therefore reverse the 
combination, placing a large plate of quartz about 74 millim. 
thick next to the polarizing Nicol, in the parallel rays, and 
removing the quarter-wave plate to a position between the 
crystal to be examined and the analyzer. Of course, as it is 
now the analyzer which is related in position to the quarter- 
wave plate, the spirals only appear in complementary posi- 
tions; while, on the other hand, when the analyzer is in those 
positions the polarizer may be completely rotated. Of course 
also, we might have adopted this arrangement all along ; bat 
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I have given the experiments as they were made, in order to 
show how each successive question was determined. 

A multiplicity of crystals would be useless: three of various 
angles will show the uniformity and gradation of the pheno- 
mena. Our former crystal of topaz cut across one axis, being 
thin enough also for the more convergent arrangement, will 
show that the single spiral appears precisely as before, the 
convolutions being simply closer in this strongly convergent 
light. Next we will take again the small angle of another 
nitre crystal, cut thin enough to show conspicuous figures in 
the convergent apparatus (fig. 10). Observe that we can 
now barely distinguish its two spirals, by their oval contour, 
from those just now presented by the calcite: they are a little 
drawn out, as it were, precisely as we should expect ; and that 
is all; otherwise the visible elements are manifestly the same 
in both. Arragonite (fig. 11), with an angle of 183 degrees, 
shows a spiral of several turns round each axis ; but still they 
finally enwrap each other: and now mica, with an angle in 
this specimen of 60° or 70° (fig. 12), gives the same pheno- 
mena. With the wider separation, the spiral round each axis 
has room to show separately more of the character of the 
single axis of the sugar; but the two always preserve the same 
relation, and only crystals which, owing to very powerful dis- 
persion of their axes, fail to show perfect lemniscates in the 
ordinary way, fail for the,same reason to show these figures 
complete. Here, for instance, is a plate of borax, whose axial 
dispersion is considerable and peculiar; but as this still leaves 
the ordinary lemniscate curves tolerably unbroken, we can 
trace the spirals without difficulty. 

That these figures are solely due to differential action upon 
the interferences of the quartz rotational colours, we shall de- 
monstrate absolutely in a few minutes; meantime we can 
almost prove it in two ways. First, though all the arrange- 
- ments remain complete, the spirals disappear or lose their cha- 
racter in monochromatic light ; and, secondly, substituting a 
| quartz of opposite rotation, the direction of the spirals is, as 
| you see, reversed. 

And now we will project the beautiful experiment of Prof. 
_ Mitscherlich, afterwards applying to it this additional method 
of analysis. There are the two axes arranged vertically ; as 
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we apply heat they gradually unite. The crystal is now uni- 
axial. And now the axes open out again, but horizontally. 
It is a beautiful demonstration, which never loses its fascina- 
tion for the student. We now add our arrangements for the 
spirals. There they are, arranged perpendicularly on the 
screen. They approach as the crystal is heated, till now we 
have them as in the calcite. Now they open out again In a 
horizontal direction, like those ofa plate of nitre turned round 
90° in its own plane. Observe that all through we have the 
double spiral. We can only get a single one by taking a single 
axis; while the ‘axis of a uniaxial always preserves what we 
may call its “twin” character. Thus we have the ocular 
illustration sought at the commencement, of the precise rela- 
tion predicated by: Fresnel’s theory between the axes of uni- 
axial and biaxial crystals, and that the former class do con- 
tain, within their single axis, elements (capable of being made 
optically visible) of both the axes in the latter class. 

We have here also objectively demonstrated the reason of 
the double spiral, first observed by Mr. Airy, in quartz itself. 
We see that the quartz, considered as an ordinary uniaxial 
crystal, owing to its peculiar effects upon plane-polarized light 
passing through it axially, is able to show its own spirals, - 
which of course are double. They are not seen at all in par- 
allel light; and, on the other hand, if we increase the rings 
by convergence, the spirals become more definite. Here, 
for instance, is a rather thin quartz (one of a pair generally 
used to show Airy’s spirals): in this strongly-convergent 
circularly polarized light, it shows spirals as well defined as did 
our calcite. A crucial test of this view readily suggests itself. 
If it be well founded, obviously we can combine the two pro- 
perties of our quartz artificially, as it were, since many fluids 
possess the same power of dividing into two opposite circular 
wayes, differently retarded, a plane-polarized ray. If there- 
fore we take a column of such fluid of sufficient length, and 
any ordinary uniaxial crystal, the one will represent the pecu- 
liar axial properties, and the other the ordinary doubly- 
refractive properties of the quartz; and the two ought to give 
similar double spirals. In fact an adequate column of fluid 
ought to replace the quartz successfully in all the foregoing 
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experiments. Our last step, therefore, is to prove that this is 
the case. I have here a tube of oil of lemons 200 millimetres 
(8 inches) in length, which we introduce into the parallel- 
plane-polarized beam in place of the quartz, whose axial pro- 
perties it now represents. In the crystal-stage we adjust the 
calcite, which in all except being a negative crystal (and a 
positive one would be just the same) represents the ordinary 
doubly-refractive properties. And now introducing the 
quarter-wave plate between crystal and analyzer, we have the 
spirals as given by the quartz in all respects. The same 
effects are produced by other crystals, any slight inferiority 
being due to the slightly yellowish tint of the fluid, which so 
far approximates to homogeneous light. Spirit of turpentine 
is free from this defect ; but we could hardly project through a 
tube of sufficient length. 

These phenomena hold good through all the ordinary analo- 
gies with, or substitutes for, natural crystals. This round disk 
of chilled glass, placed in parallel light, which behaves in all 
other respects like a crystal in convergent light, also gives 
double spirals like those of the calcite. I have here also an 
artificial uniaxial crystal formed of crossed mica-films, after 
Norremberg, and an artificial quartz of mica-films, after 
Reusch, for both of which I am indebted to my kind friend 
Mr. Fox, who made them with his own hands. The first 
gives the calcite spirals with a quarter-wave plate and quartz ; 
the Reusch preparation gives the quartz spirals with the 
quarter-wave plate alone. 

These experiments of course add nothing to the theory of 
the matter, and make no such pretension; their whole interest 
lies in the visible, ocular demonstration they afford of the 
truth of conclusions long ago worked out by the brilliant 
mathematical genius of Fresnel. But to the best of my 
belief they are new; and if it should prove that some other 
student has been before me, I hope the beauty of the pheno- 
mena may excuse my bringing them before you. 
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II. On Integrating and other Apparatus for the Measurement 
of Mechanical and Electrical Forces. By C. VERNON Boys, 
A.R.S.M., Demonstrator of Physics in the Normal School 
of Science, South Kensington*. 

(Plates II., III. 


Wuen in February of this year I described my first inte- 
grating-machinet before the Physical Society, I felt that, 
unless the tangent principle could be so applied as to admit 
of an indefinite growth of the integral, such principle 
would be useless for practical purposes. In that machine the 
integral is, determined by the position of a cart, and so is 
limited by ‘the size of the apparatus. Since that time I have 
devised a variety of methods of applying the tangent prin- 
ciple in which the integral is determined by rotation, and so 
there is no limit to the extent to which the integral may grow. 
In the following paper, which is divided into two parts, I have 
given in the first a description of a variety of integrating- 
machines, while in the second are some useful applications of 
the most simple form of integrator described in Part I. 


Part I, 

At the present time there seem to be three types of inte- 
grating-machines: lst, those that may be called radius 
machines, comprising Sang’s planimeter, Clerk Maxwell’s sphere 
machine, and Sir James Thomson’s disk sphere and cylinder 
integrator (Ashton and Storey’s steam-power meter also 
comes under this head); 2nd, sine or cosine machines, compri- 
sing Amsler’s planimeter and mechanical integrator, and the 
various wind integrators; 3rd, tangent machines, which, so 
far as I am aware, are represented only by the cart machine 
already referred to and those that are the subject of this paper. 
This class of machines depends on the formula for integration, 
which, in its geometrical application, finds a curve of which 


the steepness or the tangent of the inclination (i. e. 2) is 
equal to the ordinate of the given curve or to the given func- 


* Read November 26, 1881. 
Tt Proceedings of the Physical Society, vol. iv. p. 199. - 
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tion. In my former machine a pointer is made to follow a 
curve, and by so doing causes a rod to be inclined in such a 
manner that its tangent is equal to the ordinate. There is 
also a three-wheeled cart; and the plane of its steering-wheel 
is by simple mechanism kept parallel to this rod ; moreover 
the horizontal component of the cart’s motion is equal to that 
of the pointer. Under these conditions the vertical compo- 
nent of the motion of the cart (or, shortly, its ascent) deter- 
mines the integral. 

I will now show how this principle is applied in a series of 
machines in which the integral is determined by rotation and 
not by linear motion, and in which, therefore, the integral may 
grow indefinitely. At first let us suppose that the cart in my 
first machine is incapable of vertical motion ; then it, in its 
attempt to move up or down, will push the paper in the oppo- 
site direction. If now the paper is wound on a cylinder with 
its axis beneath the path described by the front wheel of the 
cart, and if the hind wheels are supported by some other means, 
then the cylinder will rotate ; and the rate of its rotation will 
be proportional to the ordinate of the given curve, and the 
amount of its rotation will be the integral required. Now it 
will at once appear that the cart and the parallel motion are 
not wanted, and that the inclination of what was the front 
wheel of the cart, and what may now be called the tangent- 
wheel, may be determined mechanically by the same method 
that was adopted to give inclination to the rod. Also if, 
instead of moving the tangent-wheel along the surface of the 
cylinder, the cylinder be moved longitudinally under the tan- 
gent-wheel while its inclination is determined by suitable 
means, then, as before, the rotation of the cylinder is a mea- 
sure of the integral. 

As the cylinder must necessarily have a finite length, it 
cannot be caused to move continuously in one direction under 
the tangent-wheel, but must be made to reciprocate. This 
motion is most readily produced by use of a “ mangle-motion,” 
which converts uniform circular into uniform reciprocating 
motion. Now, when the motion of the cylinder is reversed, 
so also is'the direction of its rotation; and therefore either 
the action of the tangent-wheel on the cylinder must be re- 
versed, or there must be a reversing-gear between the cylinder 
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and the mechanism employed to count its revolutions. The 
action of the tangent-wheel on the cylinder is most easily 
reversed by having two of them mounted in a frame so that 
they lie in the same plane, but that one is on one side of the 
cylinder and the other is on the opposite side. The cylinder 
is made to bear against one during its forward stroke, and 
against the other during its return stroke—a change readily 
effected by the mangle-motion. Then the rotation of the 
cylinder is independent of the direction of its longitudinal 
motion. When it is preferred to use only one tangent-wheel, 
the reversal between the cylinder and the counting mechanism 
can be easily and perfectly produced by using three bevel 
wheels and a friction-clutch actuated by the mangle-motion 
or even by the change of motion of the cylinder. - 

If the cylinder could be made long enough and the ends bent 
round so as to join one another, then continuous revolution of 
the whole ring would take the place of the reciprocation of the 
cylinder, and the integral would be determined by the rotation 
of the ring round its circular axis. Such a “smoke-ring ”’ 
can scarcely be made; but an equivalent can be produced, 
without difficulty. Let there be four barrels, each with a con- 
cave instead of a convex outline, mounted on a wheel with 
their axes in one plane, and with some one generating line 
on each a quadrant of a common circle concentric with the 
axis of the wheel. Also let the four barrels be geared to one 
another by bevel wheels (fig. 1, Plate IT.). Now let a tan- 
gent-wheel be placed inside the common circle so as to touch 
it at its lowest point; then, if the tangent-wheel lies in the 
same plane as the circle, revolution of the wheel supporting 
the barrels will produce no rotation of those barrels ; but if 
the tangent-wheel is inclined at all, the rotation of the bar- 
rels will be directly proportional to the tangent of its inclina- 
tion, and inversely proportional to the radius of the barrel at 
the point of contact. This periodical inequality, due to the 
changing radius of the barrel, may be eliminated by using a 
second mechanical smoke-ring made of a series of convex 
barrels mounted on a wheel, with some one generating line of 
each a portion of a common circle which lies outside instead 
of inside the barrels. In this, which may be called an outside 
ring, the other being an inside ring, the barrels must not 
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be geared together. Fig. 2 is a plan on a larger scale, partly 
in section, showing how such barrels might be supported. 
Now, if this: outside ring is placed horizontally within the 
inside ring and touching it at one point, then revolution with- 
out rotation of the inside ring will cause rotation without 
revolution of the outside ring ; i. however, in consequence of 
the inclination of the ee ere the barrels of the inside 
ring are caused to rotate, then such rotation will cause revolu- 
tion of the outside ring ; and this revclution will be a true 
measure of the integral, as the outside ring and the tangent 
wheel touch barrels of the inside ring at points having the 
same radius. The astronomical convention with respect to 
the terms revolution and rotation has been used. By revolu- 
tion of the ring is meant a turning of the whole round a centre; 
and by rotation a turning of barrels round their own axes. 
Instead of a disk, a sphere similarly mounted may be used 
for a tangent-wheel, with the same result. Of course the 
eylinder will be in contact with tle sphere at a point on its 
equator; but if the support of this globe is varied in position, 
so that the cylinder touches the sphere nearer tlie poles, then 
the rate of rotation will depend not only on any former incli- 
nation of the plane of the equator of the globe to the axis of 
the cylinder, but will also be inversely proportional to the 
cosine of the latitude of the point of contact, The latitude 
should be brought back to its original value before the rota- 
tion of the cylinder is measured. Fig. 3 shows the cylinder 
in contact with the sphere ata latitude A. It so happens that 
the radius in the sphere at the point of contact is equal to 
cos x the radius of the sphere; but this is not the cause of 
the introduction of that function, as the rotation of the cylinder 
is independent of the radius of the tangent-whee]. The true 
reason can be readily discovered by a simple geometrical con- 
struction, which, from the length of this paper, I omit. How- 
ever, a good illustration may be seen by taking a bicycle and 
causing it to lean over on its side; then a given twist ‘of the 
handles will be found to produce a greater deviation in the 
direction of its motion than would be the case if the bicycle 
were upright. The effect just described is most easily pro- 
duced by mounting the cylinder ona rocking-frame, so that it 
can roll round the ball. Though the axis marked A in the 
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figure remains vertical, yet the effect may be considered as 
due to a leaning to one side of this axis. If, however, the 
axis A is caused to lean forwards or backwards, then the rota- 
tion of the cylinder, which is still proportional to the tangent 
of any rotation about A, is also proportional to the sine of the 
inclination of A above the horizon; so that if A is horizontal, 
no rotation about A as an axis will produce any effect; but as 
A rises higher, increased rotation of the cylinder will be pro- 
duced, the maximum being when A is vertical. As in the 
former case, so here, the inclination of A should be brought 
back to its original value before the rotation of the cylinder is 
measured. This is the method of steering a wheelbarrow when 
pushing it. The elevation of the handles corresponds to the 
inclination of A with the horizon; the equality of the elevation 
of the two handles corresponds to absence of rotation about A ; 
therefore the barrow goes straight. When turning a corner 
the outer handle is elevated more than the inner one; this 
corresponds to rotation about A; and the tangent of this rota- 
tion, multiplied by the sine of the elevation of the handles, 
measures the deviation of the barrow from its straight course. 
This deviation, then, is greater as the elevation of the handles 
is greater, and therefore in going round a sharp corner the 
handles should be raised as much as possible. By the means 
above described, either the quotient or the product of two 
functions may be directly integrated. 

As in my former integrating-machine, so with these, the 
reciprocal of a function may be integrated by first inclining the 
tangent-wheel through a right angle; then, when a function 
passes through 0 from + to —, the tangent-wheel describes 
on the surface of the cylinder a cusp showing a momentary 
infinite motion. A machine so arranged’ may be used to 
integrate, not the reciprocal, but the function itself, if, instead of 
moving the cylinder longitudinally, it is caused to rotate, when 
the longitudinal motion, or the number of reciprocations if 
suitable gearing is employed, will measure the integral. In a 
similar way the machine as first described will integrate a 
reciprocal. 

if for any purpose, in addition to the total result, the inte- 
gral up to any time is required, a diagram must be drawn. 
This can be effected by covering the cylinder with a layer 
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of black tracing-paper, and allowing a band of paper as wide 
as the cylinder is long to pass between the tangent-wheel and 
the black surface. The length of paper passed through the 
machine represents the integral; and the curve drawn shows 
its rate of grqwth continuously. Should it only be required 
to know the amount of growth during each of.a series of short 
intervals of time, a narrow band (which is more manageable) 
may be used wrapped round a small wheel at the end of the 
cylinder, and so arranged that at the end of each double stroke 
of the cylinder it is caused to bear against the point of a sta- 
tionary pencil; then the pencil-marks represent equal intervals 
of time, while the distances between them measure the ave- 
rage rate of growth over each interval. 

I have at present supposed that the integrating surface is 
cylindrical; but other surfaces of revolution may be employed 
for particular purposes. As the rotation of the cylinder de- 
pends on the linear motion of its surface, it is clear that its 
rotation must be inversely proportional to its diameter. If, 
therefore, instead of a cylinder any other surface of revolution 
is taken, its rate of rotation will depend not only on the inclina- 
tion of the tangent-wheel, but also on the radius of contact. The 
simplest case is that of a disk with the tangent-wheel mounted 
so as to be capable of radial movement. Then, if the tangent- 
wheel moves in the direction of its own plane, it will simply 
describe on the disk a radial line, and there will bé no rotation; 
but if it is inclined at any given angle the disk will rotate, and 


the rate of its rotation will be proportional to - and its whole 
rotation will be ie dr, which is log r. Now the tangent-wheel, 


in its movement outwards, describes on the surface of the disk 
a spiral which everywhere cuts the radii at the same angle ; 
therefore in such a spiral the angles are the logarithms of the 
radii; i. e. it is the logarithmic spiral. If the inclination of 
the tangent-wheel is made to depend on some function, then 


te 


such double-disk machine would integrate = a LD in which 
c is the radius of contact when «=0. 

If the axis of the tangent-wheel is made to pass through a 
fixed point over the disk removed from its line of travel by a 
right angle, then the tangent of its inclination to the direction 
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of its motion is proportional to the radius of contact: but, 
other things being equal, the rotation of the disk is inversely 
as the radius of contact; therefore the amount of rotation of 
the disk for a given movement of the tangent-wheel is inde- 
pendent of the radius of contact, and the curve traced out on 
the disk is the spiral of Archimedes. But if, instead of passing 
over a disk, the tangent-wheel similarly mounted is made to 
pass along the surface ofa cylinder, then the speed of rotation 
of the cylinder will be proportional to the distance of the disk 
from its neutral position, and its whole rotation will be ) cz dz, 


or 5 x’, and the curve described, on the cylinder will be a 


parabola. This arrangement of the disk and cylinder may be 
used, as described on page 16, in a polar planimeter to illus- 
trate the formula Sfr dr dé. 

After the cylinder and disk, the most simple form for an 
integrating surface is that of a sphere. Let a sphere be sup- 
ported, with its axis horizontal, on a frame which can be 
made to reciprocate about a vertical axis which wonld, if con- 
tinued, pass through the centre of the sphere; then, if a tan- 
gent-wheel is fixed so as to lie, when its inclination is nothing, 
in the horizontal plane which passes through the axis of the 
sphere, angular reciprocation, which must be less than 180°, 
will cause the tangent-wheel to describe on the sphere a me- 
ridian when it is in its neutral position, or a rhumb line if 
inclined at a constant angle. As the speed of rotation of the 
sphere is inversely proportional to the radius of contact—that 
is, to the cosine of the latitude of the point of contact—some 
means must be adopted whereby the rotation recorded is less 
than the rotation of the sphere in the same ratio. The most 
simple plan is to use Amsler’s principle, and mount a small 
sliding and rolling wheel so as to be in contact with the sphere 
at the highest point on the equator (7. e. 90° from'the tan- 
gent-wheel), but with its plane passing through the centre of 
the tangent-wheel ; then the rotation of the Amsler wheel is 
always less than the rotation of the sphere, in the same ratio 
that the rotation of the sphere is too great. Instead of an 
Amsler wheel, a cylinder capable of moving longitudinally on 
its horizontal axis, and in contact with the sphere at a point 
exactly opposite to the tangent-wheel, would, by pure rolling 
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and without any sliding, take off the correct proportion of 
motion, since it and the tangent-wheel always touch the 
sphere at points having the same radius. 

Fig. 4 is a perspective view of a polar planimeter in which 
the integration is effected by a disk sphere and Amsler wliel, 
as described. All the parts marked a belong toa rigid frame, 
which balances on and can turn about a vertical spindle, 
the top of which is just visible below the tangent-wheel t. 
The vertical spindle is fastened to the stationary whce.l w, 
which rests on three feet. The segmental wheel W in gear 
with w is secured to a vertical spindle, the upper end of which 
cearrics the crutch C. Screws in the crutch.form the hori- 
zontal axis about which the sphere S may rotate. The tan- 
gent-wheel ¢ is mounted in a frame which can be turned 
about a horizontal axis e by means of a lever 1. The Amsler 
wheel rests by its weight on the bighest point of the equator 
of the sphere, which is shown dotted. DD is an L-shaped 
piece, which carries at the angle the pointer P. At the end 
of the long limb is a slot embracing a pin, as shown. A part 
of the sHort limb is made cylindrical; against this part rests 
the edge of the lever 1. This edge is not truly radial, but is 
laterally displaced from the radial position to an extent equal 
to the radius of the cylindrical part of DD. This causes the 
true radius, which is parallel to the axis of the tangent-wheel, 
to intersect the axis of the cylinder. Now, if the pointer P 
is moved radially in the slot prepared for it, it is clear that 
the tangent of the inclination of the tangent-wheel ¢ will 
be proportional to the square of the distance of P from the 
vertical axis about which the machine can turn, also that, 
during any turning of the machine about this axis, the sphere 
will turn about its vertical axis at a proportionate speed. Now 
it has been shown that, when the sphere is made to turn about 
its vertical axis, the rate of rotation of the Amsler wheel is 
proportional to such rotation multiplied by the tangent of the 
inclination of the tangent-wheel—that is, in this case to r? d0, 
Therefore the whole rotation of the Amsler wheel is a measure 
of \r dé; and so, if the pointer P is taken round any closed 
curve, the area of that curve may be read off from the Amsler 
wheel. The wheel W is three times the radius of w; so that 
the pointer may, if necessary, be taken completely round the 
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pole, and yet the tangent-wheel will only move 120° on the 
sphere in latitude. The diameter of the Amsler wheel is one 
third of that of the sphere, so as to restore the diminished 
speed. Unlike Amsler’s planimeter, this one shows the incre- 
ment of area for each part of a closed curve, the reason being 
that it is an exact mechanical equivalent of the polar formula 
for integration. Though the machine works very well, it 
cannot be compared to Amsler’s as a practically convenient 
instrument. 

An exact mechanical equivalent of the formula {le dr d6 
would be produced by retaining all the last machine, except 
the short limb of the L-shaped piece DD, and mounting on 
the long limb a tangent-wheel to traverse a cylinder, the rate 
of rotation of which for a given radial movement of the pointer 
would be proportional to the distance of the pointer from the 
pole—that is, to »dr—and the whole rotation would be fr dr. 
Now, if the cylinder were by its rotation caused to change the 
inclination of the lever / so that the tangent of the inclination 
of J was proportional tothe whole rotation of the cylinder 
then, when the pointer was taken round a curve, the rotation 
of the Amsler wheel would be (Vr drd@. In either case, 
instead of an Amsler wheel, a cylinder mounted as described 
on wile last page would give the integral. 


Part II. 

The practical value of the tangent principle depends on the 
fact, that the only operation required of the function to be in- 
tegrated is that of turning more or less a spindle and tangent- 
wheel, which may be as light and delicate as any part of a 
watch, and of which the moment of inertia may be inappre- 
ciable. This is in marked contrast to what is necessary in 
radius machines: the friction in the common double disk or 
disk and cone integrator, or the inertia of the ball in Sir 
James Thomson’s machine, would be quite sufficient to make’ 
the former useless for the integration of such delicate forces as 
depend on the actions of electricity, or the latter inapplicable 
to machinery in rapid movement. Another point about tan- 
gent machines is, that the whole process of integration is the 
result of pure rolling, and any doubt that may be felt as to 
the effect of the sliding action on the accuracy of cosine 
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machines is here removed. The rest of this paper describes 
some applications of the disk-cylinder integrator some of which 
are likely to be of practical value. 


Engine-power Meter. 

As work is motion multiplied by pressure, the work done 
in an engine may be found by integrating the difference of 
pressure on the two sides of the piston with respect to the 
motion of the piston. For any one stroke, this is usually 
done by measuring the areas of the indicator-diagrams, one 
taken at each end of the cylinder, and repeating, so as to get 
an average value. But as the work done, or the area of the 
diagram, is subject to variation depending on the load, pres- 
sure, and speed, only guesses can be made as to the whole 
amount of work that has been done by an engine during any 
length of time. Any machine, therefore, that will automati- 
cally find the total work done should be of value, not only to 
users of engine-power, but especially to experimentalists who 
are engaged on testing the efficiency of engines, and on other 
subjects where total work done should be known. It is only 
fair to mention that Messrs. Ashton and Story have an engine- 
power meter in which the integration is effected by a double- 
disk integrator acting on the radius principle; but it necessa- 
rily suffers from the defects common to all radius machines. 
The disk-and-cylinder is especially applicable to this particular 
case; for it is only necessary to make the cylinder reciprocate 
with the piston of the engine, the motion being of course re- 
duced to a convenient amount, and to make the tangent of the 
inclination of the disk vary with the difference in pressure on 
the two sides of the piston of the engine. Then, at any moment, 
the cylinder will turn with a speed which is proportional to 
the rate at which work is being done, and the number of 
revolutions, as measured by a counter, will be a measure of 
the work done in foot-pounds or other units during any time. 
Figs. 5 and 6 are views of an engine-power meter, each partly 
in section. A, A are two boxes with flexible covers, like the 
corrugated plate in an aneroid barometer. They may be 
filled with a mixture of glycerine and water or other liquid, 
and connected each with one end of the cylinder of the engine. 
Each diaphragm will feel the pressure, but not the heat, of the 
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steam or gas in the cylinder. The two diaphragms are con- 
nected by the rod7r; and so the effective force tending to bend 
the diaphragms is the difference of pressure at the two ends of 
the cylinder. This is the force acting on the piston of the 
engine. Inclination is given to the tangent-wheel t by the 
rod 7 by a pin working in a radial slot, as is better shown in 
fig. 7. This arrangement causes the tangent of the inclination 
of the tangent-wheel to be proportional to the displacement of 
the rod 7, and so to the force acting on the piston. C is the 
integrating-cylinder, which is capable of sliding along, but of 
turning with a wire W, which may be grooved or polygonal ; 
pinion-wire is very suitable. The integrating-cylinder is 
caused to reciprocate, by means of a yoke Y and lever L, in 
time with the piston of the engine. The stroke is reduced to 
a convenient amount by attaching a string from the piston- 
rod to a suitable part of the lever L. Now, as the rate at 
which the cylinder turns is proportional to the longitudinal 
motion of the integrating-cylinder multiplied by the tangent 
of the inclination of the tangent-wheel, and as this is propor- 
tional to the motion of the piston multiplied by the force 
urging it, 7. e. to the work being done, the whole number of 
the revolutions of the cylinder will measure the whole amount 
of work done. If the instrument gets out of adjustment so 
that the tangent-wheel is not. parallel to the axis of the cylin- 
der when there is no force, then whatever error it makes in a 
forward stroke it will take off in the return stroke; so that no 
accumulating error will be produced. The diaphragms may 
either be made of steel or highly elastic metal, in which case 
they form their own springs; or a softer metal, controlled by 
an external spring, might be used. Ifa diagram is required, 
one may be drawn as described on page 13. But it will not be 
a diagram such as is drawn by an ordinary indicator, but the 
integral curve of such a diagram; so that force, instead of 
being represented by the length of'an ordinate, will be repre- 
sented by steepness. Instead of diaphragms as described, 
spring pistons or Bourdon pressure-gauge tubes might be 
employed to give inclination to the tangent-wheel. 


; Integrating Dynamometers. 
The disk-cylinder integrator may be applied to measure the 
whole amount of work transmitted by shafting or belting. In 
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the case of shafting, what is called a differential coupling—that 
is, a contrivance which transmits any motion, but measures 
the force causing such motion—is employed to give inclination 
to the tangent-wheel. In the case of belting, any of the known 
dynamometers may be employed for the same purpose; while 
a mangle-motion driven by the revolving shaft or travelling 
band, causes the cylinder to reciprocate. Hither of the methods 
given on page 10 may be employed to produce continuous 
growth of the integral in one direction. As the work trans- 
mitted at any moment is force multiplied by motion, and as 
the tangent of the inclination of the tangent-wheel is propor- 
tional to the force, while the reciprocating motion of the 
cylinder is proportional to the motion, the rate of revolution of 
the integrating cylinder will be one ead to the rate at 
which work is being done, and the whole number of revolu- 
tions will give the whole amount of work done. If at any 
time the force causing the motion should change sign and so 
resist it, as is the case in an engine when there is much cush- 
ioning, then the tangent-wheel will incline the other way and 
take off from the record a corresponding amount of work. 


Electric- Current Meters. 

The application of the disk-cylinder integrator to an elee 
tric-current meter is very obvious. Figs. 8 and 9 are two views 
of an electric meter, in which the inclination of the magnet M 
is effected by the electric current passing in a large coil sur- 
rounding the instrument. The magnet M and the tangent- 
wheel ¢ are each fixed on the same spindle, which is vertical, 
and which is very light and delicate. The weight of the mag- 
net produces the necessary pressure between the tangent- 
wheel and the integrating-cylinder C; and as the surface of 
each is convex, the friction resisting the turning of the tan- 
gent-wheel by the magnet is very small. The cylinder is 
supported in a bell-crank frame F’, which can be made to reci- 
procate along the wire W by means of the mangle-motion mm. 
The mangle-motion is actuated by clockwork, which may be 
wound by the current itself when necessary, should such a 
course be desirable. Fig. 10 shows the construction of a suitable | 
mangle-motion. The pinion can turn, but not move otherwise, 
while the frame carrying the racks can move either longi- 
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tudinally or laterally. A pin projecting centrally from the 
pinion enters the slot, which is shaded in the figure, and so 
causes the pinion to gear with the two racks alternately. This 
lateral movement of the rack-frame is made use of to depress 
the integrating-cylinder during its back stroke, at which time 
the magnet rests on the shoulder 8. As the tangent of the 
inclination of the tangent-wheel is proportional to the current- 
strength, and as the rate of rotation of the cylinder is propor- 
tional to the tangent of the inclination of the tangent-wheel, 
the cylinder will turn with a speed which is proportional to 
the current-strength, and the whole number of turns, as shown 
by the counter, will be a measure of the quantity of electricity 
that has passed. In the arrangement described, time is divided 
into a great number of equal intervals, and the current-strength 
during each alternate one considered. After any consider- 
able time, such a sampling of the current would give just 
as exact a result as would be obtained by integrating continu- 
ously. A quick-return mangle-motion might be employed to 
diminish the proportion of ineffective time; or the whole time 
could be made effective by keeping the cylinder in continuous 
contact, and actuating a reversing-gear between the cylinder 
and a counter by means of the lateral movement of the mangle- 
motion. It would be well to employ a catch on the armature 
of a subsidiary electromagnet, so as to stop the clockwork, 
except when a current is passing. This current-meter, like 
Edison’s electrolytic meter, is a direction-meter. If the cur- 
rent is passing in one direction, it counts it positive; if in 
the opposite direction, it counts it negative. A reverser actu- 
ated by a polarized armature could be employed to make the 
meter count as positive, a current passing either way, and so 
make it applicable to the case of alternating currents. An- 
other kind of current-meter, which is by its nature indepen- 
dent of the direction of the current, would be preferable to the 
magnetic-needle meter and reverser combined. 

Figs. 11 and 12 represent an electric-energy meter, which 
will be described later ; but they will serve as diagrams to 
illustrate a description of the second current-meter. mm is 
the mangle-motion, which causes the cylinder C to reciprocate 
and bear: alternately against the two tangent-wheels ‘tt. 
These wheels are mounted in a common swivelling-frame, 
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which ordinarily is kept vertical by the weights X X, but 
which may be inclined by a force due to any cause tending to 
turn the beam B. Now the turning-power of the weights 
X X varies as the sine of the inclination; while the turning- 
power of a force acting downwards applied to the point p varies 
as the cosine of the inclination ; therefore the beam will set 
itself at such an angle that the tangent of the inclination is 
proportional to the force. If, therefore, the point p of the 
beam can be pulled downwards by a force which is propor- 
tional to the strength of the current, an electric meter will be 
the result. The coils shown in the diagrams, which belong to 
the energy-meter, must be removed and replaced by an elec- 
tromagnet and armature of peculiar construction. Let there 
be an electromagnet with pcole-pieces a certain distance apart, 
and let there be between them a wedge of iron at its narrow 
end increasing in thickness or width rapidly, and towards its» 
thicker parts much more slowly; then, on moving such a 
wedge forwards between the poles, but without touching them, 
it will at first facilitate by its movement magnetic induction 
at a great rate ; and as it fills up the space, even though the 
induction through it is greater, yet the increase of that induc- 
tion is less. Now, as the rate at which magnetic induction is 
increased by movement measures the force with which sucha 
wedge is pulled forwards, the wedge will, if suitably formed, 
experience a force with a given current-strength which is less 
as its entrance is greater, except over a small space near its 
starting position, where the force should, if possible, be infi- 
nite. Also, if the wedge is fixed in position and the current 
made to vary, it will, so long as the magnetic limit is not ap- 
proached, experience a force which varies as the square of the 
current; therefore, if the motion of the wedge is resisted ex- 
ternally by a force which varies as its displacement, it will 
enter to such an extent that the amount of its entrance is pro- 
portional to the current. Let such a.wedge be carried by the 
beam B, so that when it is at its zero position the beam is 
horizontal ; then the inclination of the beam will be greater 
when the current is greater, and, except with very weak cur- 
rents, may be made to vary so that its tangent is proportional 
to the current. The same principle might be applied in an- 
other way by causing rotation instead of linear movement of 
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the armature to facilitate induction, and by resisting such 
motion by a pendulum-weight as before, or by a hair-spring. 
The armature then would have to be shaped something like 
an §, and adjusted experimentally so as to give, except with 
very small currents, a deflection whose tangent is proportional 
to the current. In Sprague’s or Edison’s electrolytic meters 
(the only ones of which I have heard which can lay any claim 
to being called current-meters at all) a portion only of the 
current is sent through the meter, and the rest passed by 
in a shunt. Now, if it were certain that the same proportion 
of the whole current always passed the meter, there would be 
no objection to such a course; but a8 a rise in temperature 
makes an electrolyte a better, and a metal a worse conductor, 
any electrolytic meter combined with a shunt would have a 
tendency to show too much in warm weather or if warmed 
by the current. If, again, there is any polarization, and that 
polarization is not strictly proportional to the current, then 
another error, will be introduced. It would seem therefore 
necessary, if accurate indications are required, to make the 
whole current pass through an electrolytic meter. 


Llectric-Energy Meters. 

Since the energy expended by an electric current between 
any two points is equal to the current multiplied by the dif- 
ference of potential of those points—that is, to the main current 
multiplied by a shunt current passing in a wire of high resist- 
ance between the two points—an electric-energy meter may be 
made by combining two electric-current meters, which take 
account of the direction in which the electricity passes, in 
such a way that the first integrates the main-current stren oh 
and that the mangle-motion of the second is driven by thie 
integrating-cylinder of the first: then, if the needle of the 
second is deflected by the shunt current, the rotation of the 
second cylinder will give the integral of the energy expended. 
This is obvious; for the rate of rotation of the second cylinder 
is proportional to its rate of reciprocation multiplied by the 
tangent of the inclination of its tangent-wheel—that is, to the 
strength of the current in the first machine multiplied by the 
strength of the current in the second ; so its rate of turning 
is proportional to the rate at which energy is being expended, 
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and its whole rotation is a measure of the total energy. If at 
any time either the main or the derived current, but not both, 
changes sign, then the second cylinder will begin to turn the 
other way, showing that the current is not doing work in the 
portion of the conductor between the points, but is being 
caused to flow by an action of some kind taking place in that 
portion. Ifboth currents change sign, then, as before, work is 
being done ; and though the first machine is working back- 
wards, the second is working forwards. A combination of 
two machines, as described, would integrate both the current 
and the energy. A more simple and practicable machine for 
integrating energy alone is shown in figs. 11 and 12. The 
integrating mechanism has been already described; the elec- 
trical principles employed must now be explained. If two 
wires, one conveying the main current and the other the de- 
rived current, are near one another, they will attract or repel 
one another with a force which is proportional to the product 
of the two currents—that is, to the energy being expended; 
but if the wires are allowed to move, the force will depend 
also on the position. The question then is, how can the wires 
be so arranged that the force exerted may be used to incline 
the tangent-wheels. and yet be independent of their motion. 
The arrangement of solenoids shown in section in fig. 12 is 
a complete and perfect answer. §, and 8, are two fixed sole- 
noids concentric with one another; and the main current is 
made to pass through each in the same direction. 8; isa 
solenoid made of a very great length of fine wire, preferably 
of aluminium silver, as suggested by Mr. Imray; and the 
upper half is wound in one direction and the lower half in the 
opposite direction ; and the derived current is made to pass 
through it so as to pass in the upper half in the same direction 
as the main current passes in the fixed solenoids, and in the 
lower half in the opposite direction. This solenoid is hung in 
the annular space between the fixed ones by a band passing 
over the are of the beam B. The tubes within and without 
the fixed solenoids and the rings above and below them, all of 
which are shown dark in the figure, are made of iron, and 
may or may not be used according as the currents employed 
are in general weak or strong. But whether the tubes are 
or are not retained, the use of the rings has certain advan 
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tages, which I now proceed to explain. Fig. 13 is a diagram 
taken by iron filings, which shows the distribution of the lines 
of force due to the fixed solenoids alone, without the tubes or 
rings. Here the lines of force cut the walls of the solenoid at 
an oblique angle, so that the force, which is at right angles 
both to the wires and the lines of force, tends to stretch the 
movable coil, and only a portion of it is effective in drag- 
ging down the solenoid: moreover the lines of force are very 
widely distributed over the solenoid, so that, unless it is of 
very great length, the upper part will leave by its motion 
many lines. It is true that on the lower end the movable 
solenoid will, when at its central position, enter as many Jines 
in an element of motion as it leaves at its upper end; but 
after any considerable movement the upper end will leave 
many more than the lower end enters ; and the force, as it is 
proportional to the number of lines enclosed, will become less 
as the solenoid moves from its central position. This will be 
referred to again later. Now the iron rings act as traps, so to 
speak, and catch nearly all the lines of force which without 
them stray over so greata space. Fig. 14 shows the field pro- 
duced when the iron is present. It will be seen at once that 
nearly the whole of the induction takes place across a very 
narrow band of the solenoid, and that the lines of force, 
where they cut the solenoid, are nearly horizontal; so that 
practically the whole of the force developed tends to drag the 
solenoid downwards, instead of being partly spent, as before, 
in producing a stretching strain. The consequence is that the 
movable solenoid may be made very much shorter than would 
be necessary if no rings were present. The tubes, having a 
higher coefficient of induction than air, merely serve to increase 
the number of lines of force, rather than affect their distri- 
bution. 

If a movable solenoid, arranged as described, is hung by a 
band passing over the are of the beam B, then the turning 
moment due to a down-pulling force is, within certain limits, 
constant, while the force restraining motion varies as the sine 
of the inclination of the beam; but had it been hung from the 
point p, the turning moment would have been proportional to 
the cosine of the inclination, and the tangent of the incli- 
nation would have measured the force. What is swanted 
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is to make the tangent of the inclination proportional to the 
product. of the two currents; and, as explained, this could 
be attained by using a long solenoid hung from the point p. 
But such an arrangement causes a double inconvenience; 
for not only is a long solenoid itself inconvenient, but the 
fact that it is hung from an arm and not from an arc causes a 
lateral shifting of the solenoid when the beam B is inclined, 
thus necessitating a wider annular space for it to pass through. 
Now the use of a comparatively short solenoid hanging from 
an are introduces two errors which are almost absolutely 
equal and opposite. The error due to the arc is an increase 
of moment in the ratio of the cosine of the inclination of the 
beam to 1; that is, the error is equal to the versed sine of the 
inclination ; and, like a thing that increases as the square of a 
quantity, it is at first quite inappreciable, and it increases in 
amount with increasing speed as the quantity grows. Now 
the error due toa short solenoid, such as shown in the figure, 
is at first nothing; for a given movement will cause the sole- 
noid to enter as many lines of force at one end as it leaves at 
the other, but as it gets displaced it enters rather fewer than 
it leaves ; and this difference in the number of lines of force 
increases in amount with increasing speed. Now, if the pro- 
portions are so taken that when the inclination of the beam 
is a little less than the greatest amount permitted to it the 
actual magnetic error is equal and opposite to the versed-sine 
error, then, since each is a quantity which grows according to 
the same kind of law, those errors will be always approximately 
equal, and their differences very small compared with the 
errors, and absolutely inappreciable in comparison with the 
quantities of which the errors themselves are small. The 
geometrical representation (fig. 15) makes this clearer. The 
two sets of errors may be considered as ordinates of two 
curves drawn to the same abscissa. The point p, where the 


- curves intersect, corresponds to that inclination at which the 


two errors are made equal, and the origin O to the central 
position. Since both errors are of a kind which are inappre- 


ciable at first, the two curves will have the axis of x as a 


tangent ; and since the two errors are of a kind which grow 
in the same kind of way, 1. e. at first slowly, and at an increa- 
sing rate as they grow, the curves must be nearly similar ; 
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and since they have the common point p, they must be nearly 
identical. The distance between the curves at any part gives the 
actual error there; and this being small in comparison with the 
ordinates at that part, is inappreciable in comparison with the 
whole distance of that part from the line zz. In the parti- 
cular case the ordinate pm is about 4 per cent. of p Q; so the 
actual error may be safely neglected. But, finally, should 
there be any error that can be detected at all, such error may 
be almost entirely eliminated by putting a ioe extra turns of 
wire near the ends or the middle of each half of the movable 
solenoid, according as the curve of the magnetic error between 
O and pis below or above the curve of the versed-sine error. 

Assuming the truth of what is stated in the last paragraph, 
we find the tangent of the inclination proportional to the rate 
at which energy is being expended. But the speed of rotation 
of the cylinder is proportional to the tangent of the inclina- 
tion; therefore the number of turns of the cylinder, given by 
the counting-mechanism in the box over the cylinder, is a. 
measure of the total energy expended. Asin the other energy- 
meter, so in this, if the electric current is helped at any time 
instead of being used, then the integrating-cylinder will turn 
the other way, and take off from the record an amount which 
is a measure of the work expended on the current. 

There is a point about the solenoid energy-meter which is 
worthy of notice. The movable solenoid has an equal number 
of turns in opposite directions; so it is independent of the 
magnetic field in which the instrument is placed, and so this 
meter may be used in workshops or near dynamo-machines 
without its action being interfered with. For the same reason, 
when used in houses as gas-meters are for gas, it will be im- 
possible for the householder to tamper with its indications by 
placing magnets round the instrument. 

When very powerful currents are employed, it is well to 
shunt a certain proportion of the main current past the meter, 
or, when the electromotive force is very great, to introduce 
into the secondary circuit resistance-coils. To prevent waste 
of clockwork energy or of electricity, the main current is made 
to pass round a subsidiary electromagnet whose armature 
allows the clockwork to go only when the main current is 
passing. This armature also, on being attracted, completes 
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the secondary circuit, so that the derived current can only flow 
when the main current is passing. 

The meter may be used as an energy measurer or indicator 
(not meter) with advantage when setting the carbons of an 
electric arc. If the two poles are made to touch, though the 
current is enormously increased, the energy is reduced, owing 
to a greater falling-off in the Bienes of potential een 
the poles. As the carbons are gradually separated the current 
diminishes, but the difference of potential increases in a higher 
ratio; so os product increases; that is, the energy Reales 
and so the heat and light produced, increases. This increase 
is shown by an increased inclination of the beam. After a 
time a point is reached at which the current decreases in 
the same ratio that the difference of potential increases; at 
this point the inclination of the beam attains a maximum ; 
beyond this the decrease of the current is in a higher ratio 
than the increase in the difference of potential, so the energy, 
heat, and light fall off, as is indicated by the diminution of 
the inclination of the beam. If, therefore, the carbons are 
placed so that the inclination of the beam is a maximum, then 
the best effect is being obtained. In the same way, if the cur- 
rent is being employed to drive a machine, the most effective 
speed for that machine may be found by: observing at what 
speed the inclination of the beam is greatest. 

The various meters described depend for their numerical 
results on two things—(1) the horizontal intensity of the 
earth’s magnetism, (2) the force of gravity. The indications 
of the first current-meter are inversely proportional to the 
horizontal intensity, and of the first energy-meter to the 
square of the horizontal intensity. Hach of them-is dis- 
turbed by changes in the direction of the earth’s magnetism. 

The second current-meter and the second energy-meter are 
independent of the magnetic field altogether. Their indi- 
cations vary inversely as g when the eon rork is regulated 
by a balance-wheel, or inversely as »/g when a pendulum-clock 
is used. This ae etdoiee on gravity is a point of very great 
importance ; for over any one eonuty nity does not change 
appreciably, nor does it matter in what direction the machine 
is placed so long asitislevel. By screwing the weights X X 
up or down, so as to decrease or increase the influence of 
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gravity on the meter, its indications may be regulated to a 
standard measure. Therefore, in making the coils, there is no 
necessity to count the number of turns exactly, or to lay them 
with the utmost accuracy: they may be wound in the ordinary 
way, and thena hundred machines or more connected together, 
with the main circuits in series and with the derived circuits 
in series, and a current sent from a suitable source through 
each series; then, if there is one meter which has been standar- 
dized by careful experiment, all the rest can be regulated, just 
as clocks are, by screwing down the weights X X of those 
that are going fast, or screwing up the weights of those that 
are going slow. 

If in the foregoing paper any of the apparatus is not as 
fully described as it might be, I must plead as an excuse an 
endeavour to oceupy a reasonable space with an account of 
what is essentially one invention. 


Ill. Apparatus for calculating Efficiency. By C. VERNON 
Boys, A.R.S.M., Demonstrator of Physies at the Normal 
School of Science, South Kensington*. 

[ Plate IV.] 


Ix a preyious paper I have shown how work done in an 
engine or transmitted by shafting or belting, or expended 
by an electric current, or how the quantity of electricity 
which has passed in a conductor during any time, may 
be automatically measured and integrated or recorded. The 
present paper refers to apparatus for dividing rates of growth 
of two integrals so found one by the other, and continuously 
recording the quotient. Before describing any of these 
‘machines, it may be well to give an example showing an ap- 
plication of a divider to some useful purpose. . Let there be a 
steam-engine driving a dynamo-electric machine, which is 
employed to produce an electric light. Steam does work on 
the piston of the engine, which may be integrated as already 
described, This is the work putin. The electricity does work 
in the electric are and in the conducting wires, which may be 


* Read January 28, 1882. 


ho lati. S genase 


FOR CALCULATING EFFICIENCY. 29 


integrated. This is the work taken out. If after any time, 
say one hour, the work taken out is divided by the work put in, 
the quotient will represent the average efficiency of the engine 
and machine combined during the hour. In like manner, if 
the readings are taken after a minute, the quotient will give 
the average efficiency during the minute. If instead of a 
minute an indefinitely short period of time is occupied, then 
the quotient obtained will give the true efficiency at that time. 
Now, if by mechanism or otherwise a curve can be drawn in 
which the ordinates represent the true efficiency, while the 
abscissz are time, then an inspection of the curve will show 
exactly how well the machines have done their work at every 
moment, and the highest points will indicate the time at which 
the best results have been obtained. What is wanted in 
practice is not a curve giving the true efficiency as above de- 
scribed, because work is not put into an engine uniformly, but 
intermittently, but a curve showing the average efficiency for 
the last few seconds or minutes as the case may be ; and it is 
this that the mechanism I am going to describe accomplishes. 
If one of the integrals represents time, and the other work done 
in an engine, then the curve gives the continuous value of the 
horse-power per hour ; or if one integral represents turns of a 
dynamo-machine, while the other represents electric current 
or electric energy, then the curve gives current-quantity or 
current-energy per turn. Or, generally, if two things are 
turning, either or both at a variable rate, a dividing machine will 
give the ever-varying value of the quotient of one by the other. 

I have made use of two principles in the construction of 
dividing machines, which may therefore be classed under two 
heads. In the first class a pointer, if at a wrong position on the 
scale of quotients, moves towards its right place with a speed 
proportional to its distance from it: its motion is therefore 
of a logarithmic nature. In machines of the second class a 
pointer, if at a wrong position on the scale of quotients, changes 
its speed of moving towards its right position with a speed 
proportional to its distance from it: its motion therefore is of 
an harmonic nature. In either case the movement of the 
pointer may. be made to trace a diagram on a travelling band 
of paper. I shall describe one logarithmic, and three har- 
monic dividers. 
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Logarithmic Divider. 

For this a pair of wheels incapable of steering are required— 
that is, wheels which when turned while their edges are in 
contact with a surface are compelled to move forward, but 
which at the same time are perfectly free to move laterally. 
Disks with smoothly milled edges very imperfectly fulfil these 
conditions ; but an outside smoke-ring, such as is described 
in the smoke-ring integrator, anted, p. 10, should answer this 
purpose well. Let two such smoke-rings be mounted on a 
common axis, but so that each may revolve independently 
of the other ; let there be a disk so supported that its plane 
is parallel to the common axis, and so that its own axis would 
if continued meet the other at a point midway between the 
two smoke-rings ; moreover, let the axis of the disk be carried 
by an arm in such a manner that it is capable of moving in a 
direction parallel to the plane of the disk, but inclined at a. 
small angle to the common axis of the smoke-rings. Fig. 1 
shows the arrangement in its central position: AA is the 
common axis, § §, are the smoke-rings, and D the disk; the 
dotted line shows the line of travel of the axis of thedisk. If 
while the disk is in its central position the two rings S$ 8, are 
caused to revolve at equal speeds in opposite directions, then 
the disk merely turns, and there isno further result. Let the 
direction of motion be that shown by the arrow. 

Now let the ring §, begin to revolve faster than 8, then the 
centre of the disk D would, if free, begin to move downwards 
with a speed equal to half the excess; but it is incapable of 
moving vertically downwards; yet it may move down the slope 
indicated by the dotted line. Now, as the rings 88, in no 
way interfere with the lateral movement of the disk, its centre 
will move down the slope till it reaches such a point that the 
ratio of the distances of the point from the two rings is equal 
to the ratio of the speeds. It will be necessary to show that 
what is true when the produced axis of D intersects A A, is 
equally true when it has so far‘moved up or down the slope 
as to cause a considerable displacement. Let the centre have 
moved down to ¢, fig. 2, and let SS, be the points on the 
disk touched by the two smoke-rings, and let ¢p be the per- 
pendicular on S§, from ¢. , Now, if S§, are turning with 
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speeds proportional to the lengths Sp and §8,p, then the 
centre will have no tendency to move up or down. The 
motion of § about c as a centre may be resolved into two:— 
one, an upward motion, proportional to Sp (and this motion 
must, from the mechanical construction, be the same in the 
disk and in the ring); and the other, a lateral motion, propor- 
tional to pe, with which the ring in no way interferes. In 
a similar way, the motion of 8, may be resolved into two— 
a downward motion proportional to 8, p, and a lateral motion 
proportional to pe. The downward motion must be common 
to the disk and ring, while the lateral motion is free. It is clear 
then, if the rings move with speeds in the ratio Sp : 8, p, that 
the centre ¢ will have no up or down tendency ; and if the rings 
are not moving with speeds in the ratio Sp: 8, p, that the centre 
ce will move up or down the slope with a vertical speed propor- 
tional to the distance of the point p from a point which does 
divide § 8; in the ratio of the speeds of the smoke-rings. If 
6 is the inclination of the dotted line, then ¢ will move along 
this line with a speed- equal to cosec @ times its vertical 
speed, and p will travel along S 8, with a speed equal to cot 0 
times the vertical speed of c. Should one disk ever stop and 
change the direction of its motion, then ¢ must move along 
the slope till it is immediately under the ring, and move 
beyond till it arrives at such a position ¢, that S p,: 8, p, is 
the ratio of the speeds. 

Let the two smoke-rings be turned by two integrating 
machines as already described, then either or both may be 
going at a variable speed. There must at every moment be 
some point «in the line § §, such that S «: 8, « is the ratio of 
the speeds. This point will sometimes coincide with P, at 
which times C will be stationary; it will generally, however, be 
distant more or less from P, in which case P will pursue it wi h 
a speed proportional to its distance from it. Ifthe arm which 
carries C carries also a pencil bearing against a uniformly 
travelling band of paper, then the curved line drawn will 
show what has been the efficiency, horse-power per hour, or 
whatever it was set to find during any period of time. The- 
travelling band would have to be ruled across with lines show- 
ing time, and longitudinally with lines showing ratios, the 
scale being of the kind shown in fig. 3. 
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If the slope or the direction of motion had been in the op- 
posite direction to that shown, then p, instead of approaching 
its places, would have fled from it with a speed proportional to 
its distance from it. 

I think it possible that the logarithmic divider might be 
applied to solve some difficult problems; for while in action 
the inclination of the path of the centre ¢ to the line 8 §,, or 
the position of either ring on their common axis, may be 
changed in any way without interfering with the freedom of 
the motion of e. 


Harmonic Dividers. 


All harmonic dividers depend on the steering-power ot 
wheels, an action which renders wheels of ordinary construc- 
tion useless in the case of the logarithmic divider. The steer- 
ing action, however, is not determined by any direct effect, 
as in the case of my cart integrating-machine, or in the more 
familiar case of a common bicycle, but depends on an inter- 
mediate action, and is in this respect exactly similar to the 
steering arrangements in that most beautiful and ingenious 
machine the “ Otto” bicycle. In this the rider produces a 
difference in the speeds of two wheels, one on each side of 
him; the angular deviation therefore is the integral of the dif- 
ference in speed between the two wheels, while the linear 
deviation from the original straight course is the integral with 
respect to the distance run of the sine of the angular devia- 
tion. The method of adapting this principle is exactly analo- 
gous to the case of the disk-cylinder integrator. That machine 
was developed in this way :—Take a cart integrator running 
on fixed ground, remove the whole of the cart except its 
steering-wheel, which fix in position, then give it movable 
and cylindrical ground to run on; a disk-cylinder integrator 
will be the result. In this case do away with the whole of 
Otto’s machine except the two wheels, fix them in position, 
and give them each a movable floor to run on. Fig. 4 isa 
side view, and fig. 5 is a plan, of a machine of this kind, 
A A, are the two steering wheels mounted independently on a 
common axis; B B, are a pair of disks geared together by their 
edges, and they form the movable floors for the disks A A to 
rest upon. cc, are the supporting wheels of a frame F, and 
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are capable of running on rails parallel to the common axis of 
AA,. The frame F carries a block D swivelled on a vertical 
axis passing through the centre of both F and D. The axes 
of BB, are supported by D. If A A, are caused to turn with 
speeds proportional to their distances from the centres of B B, 
and in the same direction, B B, will revolve at equal speeds in 
opposite directions, and neither D nor F' will be affected; but 
if either A or A, is made to revolve a little faster than is due 
to its central distance, D will begin to turn in its swivel- 
frame. But no sooner does D begin to twist, than the disks 
A A,, which previously were describing circles on B B,, tend 
to move in spiral paths, the faster one receding from, and the 
slower one approaching, the centres of the disks B B, on which | 
itismoving. Butas A A, are incapable of any movement but 
rotation, while the disks BB, can, from the nature of. their 
support, accommodate themselves to every kind of movement 
except one of lateral translation, therefore the combination 
c, F, D, B, and B, will move longitudinally till the central 
distances of A A, are proportional to their speeds ; but, unfor- 
tunately, by this time the obliquity of the block D has become 
a maximum, and therefore its rate of longitudinal travel is a 
maximum also. It therefore travels on and introduces an 
error of position on the opposite side, which is corrected as 
before; and so the frame F oscillates on either side of its cor- 
rect position. The motion may be considered more exactly 
in this way:—The rate at which D twists is proportional to 
the error of F, while the rate at which F corrects its position 


is proportional to the amount of twist of D: this expressed 
2 


mathematically gives the equation 2) = —y, the solution of 


which is y=sin 2 or y=cosa. The motion of both D and F 
therefore is harmonic. An exactly analogous case is that of | 
a heavy body moving under the influence of a force which 
varies with the displacement, the movements of F being equi- 
valent to that of the heavy body, while the rate at which D 
twists represents the force. Of course in the dividing-machine 
described we have nothing to do with inertia or with a resist- 
ing force; but the movements are the result of an action of 
pure rolling, and it so happens that they follow exactly the 
same law as the movements of a vibrating heavy body, This 
VOL, V. D 
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view of the subject removes all difficulty in discovering what 
will be the action during either slow or very rapid variations 
‘in the ratio of the velocities. Let the dynamical equivalent 
be a heavy magnetic needle balanced in a magnetic field. 
Then the direction of the field corresponds to ratio of velo- 
cities, and the motions of the needle to the motion of the 
frame F. As has been shown in the case of a constant ratio, 
an error of position of F at starting causes F to oscillate on 
either side of its correct place, just as a displacement of a 
magnetic needle causes it to oscillate. Now suppose F to be 
in its correct position and then the ratio to change slowly (that 
is, slowly compared with the time of an oscillation); then the 
frame F will move slowly also, always being in the correct 
position, because during a slow change in the direction of the 
magnetic field a balanced needle follows the change without 
oscillation. Next suppose the ratio to alternate rapidly—that 
is, rapidly compared with the time of an oscillation, as, for 
instance, is the case when a steam-engine is made to do work 
uniformly, for work is put in intermittently and taken out 
gradually; then the dividing-machine will steadily show the 
mean value, and will take no account of the rapid variations 
in ratio, because a heavy magnetic needle subjected to rapidly 
alternating currents, which produce rapid variations in the 
direction of the magnetic field, is unaffected by these currents, 
‘but steadily maintains its position in the mean direction of the 
field. ‘he most complex possible case is a combination of 
rapidly alternating and slowly changing ratios with occasional 
sudden changes. The first two are properly considered by 
the machine, while the sudden changes merely cause the frame 
F to oscillate on either side of its correct position. As in the 
case of the logarithmic divider, so here; a curve may be drawn 
on a travelling band of paper by a pencil attached to the 
frame. 

A more simple arrangement is shown in fig. 6, where the 
disks B B, and the frame and block are replaced by a sphere 
S with its axis horizontal mounted in a horizontal ring R, and 
where this ring is supported in a crutch ¢ which is capable of 
moving round on a vertical axis. Thus, when R is hori- 
zontal, the sphere can turn independently round three axes at 
right angles to one another. Then, if the disks A A, touch 
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the sphere in points 90° apart, the ratio of their speeds will be 
measured by the tangent of the inclination of R, while the de- 
viation of ¢ will correspond to the obliquity of the block D in 
the last machine. 

The most simple harmonic divider that I can imagine is 
made by mounting, as shown in fig. 7, two iron cones with 
their bases adjacent, and with the lowest generating line in 
each horizontal and in one straight line. Then, if a mag- 
netized steel reel is hung on and the two cones are turned, the 
reel will travel about and find the ever-varying value of the ratio 

of their speeds. The method of attaching a recording-pencil 
is too obvious to need description. If the two cones were 
placed so that their bases were turned away from one another 
instead of being adjacent, then the reel would change its speed 
of moving away from its correct position with a speed propor- 
tional to its distance from it. This kind of action could only 
exist, of course, for a very short time. 

Whether dividing-machines are likely to be of general value 
| for practical or experimental purposes, it is difficult to say; 
but there can be little doubt that cases might arise in which 
some machine such as I have described might be used with 
advantage. 


IV. On the Violet Phosphorescence in Calcium Sulphide. 
By Captain W. de W. Asney, F.R.S.* 


In some investigations in photography it became necessary 
that I should study the phenomenon of phosphorescence exhi- 
bited in calcium sulphide, such as is employed in Balmain’s 
paint. And as one or two points of interest arose which 
have not (as far as I am aware) been described before, I 
have thought it might be of interest to lay the subject before 
_ the Society. 
The phosphorescent light, which is a peculiar violet, can be 
generated, if I may use the term, by day-light or euidleslphe 
—by the former fairly brightly, and by the latter only feebly, 
for reasons which will appear. In order to gain strong phos- 
-phorescence, the light from a magnesium-ribbon or the electric 
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light should be employed. Mr. Warnerke has shown that 
} inch of ribbon of the former is sufficient to excite phospho- 
rescence to the maximum point that can be obtained from 
light of that brilliancy. Light of greater brightness, how- 
ever, seems to excite it even more strongly. In a communi- — 
cation made to the Society by Lieut. Darwin, .R.E., he gave 
the formula for the decrease of phosphorescence after exci- 
tation, from which it will be seen that it very rapidly dimi- 
nishes in brilliancy. 

My first experiment was to determine the spectrum of the 
emitted light; and this I observed with a small spectroscope ; 
and the emission-spectrum is shown in I, figure opposite. . It 
will be seen that to the eye the greatest luminosity is between 
G and F, and a feebler one extending from between E and F 
as far as the eye can recognize colour of low intensity towards. 
the red. It became a matter of curiosity to know if any rays 
lay beyond the violet ; and for this purpose an Iceland-spar 
prism and quartz lenses to the collimator and camera were 
brought into requisition, together with extremely sensitive 
photographic plates. Glass was spread with a layer of this sul- _ 
phide and held together by paraffin as a substratum ; the phos- 
phorescence was excited by the electric light, and the tablet 
held in front of the slit. The exposure lasted one minute, when 
the phosphorescent tablet was again excited, and used as a 
source of light as before. After forty such excitations the pho- 
tographic plate was developed ; anda band (shown in Il) was 
registered, which absolutely coincided with the band already 
registered in the visible spectrum. There was no trace of any 
radiation having wave-lengths in the ultra-violet. Whether 
there is any radiation below the red is a moot point ; but from 
the gradually increasing brightness of the spectrum in the 
yellow, it seems probable that there is such. 

The next point to ascertain was the part of the spectrum 
which excited phosphorescence. A tablet similarly prepared 
was exposed to the spectrum of the electric light, which 
showed carbon-bands strongly just above H, and also in the 
violet near G. A sensitive photographic plate was placed 
in contact with the tablet, and allowed to remain in contact 
40 seconds, after which it was developed. III shows the - 
locality of the spectrum by which phosphorescence was ex- 
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: cited. This agreed absolutely with the visual observations. 
_ The exact locality was fixed by the carbon-bands above alluded 


to, and also by comparing it with a sensitive photographic 
plate exposed in the ordinary manner. _ It will be noticed that 
the ultra-violet rays do not seem to cause phosphorescence in 
this case. 

It now remained to register those rays which destroy the 
phosphorescence. This was effected in the following manner :— 
A tablet was first excited, and after half a minute exposed to 
the spectrum: those rays which destroyed phosphorescence 
were distinctly visible, as were also those which excited it. 
The tablet was placed in contact witha sensitive plate and de- 
veloped. The wave-lengths were determined by placing a 
liquid in front of the slit and noting the place where the 
known absorption-bands in the infra-red region occurred, 
which is here shown by these localities remaining of the same 
luminosity on the tablet surrounding the impressed spectrum. 
The rays which destroy phosphorescence of this description 
are shown in 1V. It will be noted that in the infra-red 
region is a portion which does not destroy it. When the wave- 
lengths of this are compared with the wave-lengths of the exci- 
ting portion about G and H, it is found that they are cctaves 
one to another. (In the figure the infra-red region is much 
compressed, owing to the spectrum used being a prismatic 
spectrun.. 

This fact appears remarkable and worthy of note. My own 
impression is that another band below this may also be traced; 
but as it was not shown upon the photographic plate, I have not 
‘mapped it. Such a band would probably be another octave 
below the second band. It should be noted that the infra-red 
band apparently 1s of the same luminosity as the general lumi- 
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nosity of the plate, and that these rays only feebly excite the 
late. 

; I haye endeavoured to make out any spectral difference in 
the light excited about H and about G, and have failed to 
obtain evidence as to any alteration in colour. It seems in- 
different whether phosphorescence be excited by the indigo or 
by the violet rays. 

Iam at present engaged upon other phosphorescent material. 


V. On the Refractive Index and Specific Inductive Capacity 
of Transparent Insulating Media. By J. Horxiyson, D.Sc., 
F.RS.* 


One of the deductions from Maxwell’s electromagnetic theory 
of light is, that the specific inductive capacity of a medium 
is equal to the square of its refractive index. Another 
deduction is, that a body which is opaque to light, or, more 
generally, to radiant energy, should be a conductor of elec- 
tricity. The first deduction appeared so clear an issue that 
many experimenters have put it to the test. The results 
may be briefly summarized thus:—Some bodies (such, for 
example, as hydrocarbon oilst and paraffin-wax) agree with 
Maxwell’s law so well that the coincidence cannot be attri- 
buted to chance, but certainly points to an element of truth 
in the theory: on the other hand, some bodies, such as glass t 
of various kinds, fluor-spar§, Iceland spar§, and the animal 
and vegetable oils||, have specific inductive capacities much 
greater than is indicated by their refractive indices. 

How do these latter results really bear on Maxwell’s theory ? 
The facts are these. Taking the case of one substance as 
typical, the refractive indices of light flint-glass are very accu- 
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pice bent 
4-0 x 10%* 
second to 76x 10% second ; the specific inductive capacity is 


rately known, the period of disturbance ranging from 


known to be about 6°7, the time of electrical disturbance being 
from y7}55 second to a few seconds.. If from the observed 
refractive indices we deduce by a formula of extrapolation the 
refractive-index for very long waves, we find that its square 
is about one third of 6:7. There can be no question about the 
accuracy of the observed refractive indices; and I have myself 
no doubt about the specific inductive capacity; but formule 
of extrapolation are always dangerous when used far from the 
actual observations. If Maxwell’s theory is true, light flint- 
glass should be perfectly transparent to radiations having a 
wave-period of, let ussay,7}95 Second; because this glass is sen- 
sibly a perfect electrical insulator, its refractive index for such 
waves should be about 2°6. Are there any facts to induce us 
to think such a thing possible? It is well known that in some 
cases strong selective absorption of light in the visible spec- 
trum causes what is known as anomalous dispersion; that is 
to say, the body which presents such selective absorption of 
certain rays has a. refractive index abnormally low for waves 
a little shorter than those absorbed, and an index abnormally 
high for waves a little longer than those absorbed*. 

Light flint-glass is very transparent through the whole 
visible spectrum, but it is by no means transparent in the infra- 
red. Ifthe absorption in the infra-red causes in light flint- 
glass anomalous dispersion, we should find a diminished refrac- 
tive index in the red. We may say that we have a hint of 
this; for if we represent the refractive indices by the ordinates 
of a curve in which the squares of the reciprocals of the 
wayve-lengths are abscisse, this curve presents a point of 
inflectionf. In the part corresponding to short waves it is 
concave upwards; in the part corresponding to long waves 
it is concave downwards: the curvature, however, is very 
slight. Does it not seem possible, looking at the matter from 
the purely optical point of view, that if we could examine the 
spectrum below the absorption in the infra-red, we should find 
the effect of anomalous dispersion, and that the refractive index 


* ¢Theory of Sound,’ by Lord Rayleigh, vol. i. p. 125. 
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of such long waves might even be so high as 26? To test 
this experimentally in a conclusive manner would probably 
not be easy. Perhaps the best chance of finding how these 
long waves are refracted would be to experiment on the rays 
from a thermopile to a freezing-mixture. Without an actual 
measurement of a refractive index below all strong absorption, 
it cannot be said that experiment is in contradiction to the 
Electromagnetic Theory of Light; for a strong absorption 
introduces a discontinuity into the spectrum which forbids us 
from using results on one side of that discontinuity to infer 
what they would be on the other side. 


VI. Water-pipes that do not burst with Frost. By C. VERNON 
Boys, Demonstrator of Physics, Normal School of Science, 
South Kensington*. 


Durine the severe weather of last winter, Mr. L. 8. Powell 
proposed to me a scheme for preventing the possibility of 
water-pipes bursting through frost ; and I have since learnt 
that Mr.. Mangnall, of Manchester, independently hit upon 
the same idea. As far as I can remember, there were some 
letters in the ‘Times’ describing the use of india-rubber 
pipes containing air inserted in the service-pipes. This would 
obviously prevent pipes from bursting; for the pressure is of 
a nature that is relieved by a comparatively small expan- 
sion; and this the india-rubber tube allows to take place in the 
surrounding water when it collapses. There is, however, one 
serious objection to this, which is the possibility of the detach- 
ment of one end of the flexible tube, in which case a rush of 
water might cause it to accumulate in one place and obstruct 
the passage. 

Mr. Powell’s plan is to make the piping elliptical—either 
before it is laid, in which case it may be made of that form ori- 
ginally or by passing round pipe through rollers, or afterwards, 
when suitable hand-squeezers will effect the result without the 
necessity of removal. As will afterwards be seen, it is not 
necessary that the pipe should be elliptical throughout ; if 


* Read November 12, 1881. 
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left round under staples and in other inaccessible places, the 
adjacent elliptical portions ensure safety. The principle, of 
course, is obvious. As is well known, the Bourdon pressure- 
gauge depends on the fact that the area of an.elliptical pipe is 
less than that of a circle of equal perimeter: therefore during 
increased pressure its section becomes more circular; increased 
circularity of section produces diminished curvature in the form 
of the pipe ; and so the movements of the end of the pipe are used 
to measure pressure. Thin brass is used for this purpose, and is 
so elastic that it returns to its original form when the pressure is 
removed; and so an indefinite number of increments and de- 
crements of pressure may be measured by it. The case of the 
elliptical water-piping is different. Here there is not a defi- 
nite pressure to withstand, but a definite increase of volume ; 
and, moreover, if this increase of volume is resisted, a practi- 
cally infinite force arises to break down the resistance. The 
question then is, how best to allow of this increase of volume. 
The method of the indiarubber pipes I have already mentioned. 
The other plan is to make them of an elliptical or other-than- 
round section. There is, however, far more in this suggestion 
than one would be likely to see at first. Consider the case of 
a round pipe in which water is beginning to freeze. Increase 
of volume must take place somewhere. No pipe can be abso- 
lutely uniform in strength everywhere. So wherever a place 
occurs which happens to be a little weaker than the rest, no 
matter how little, that place will stretch, and necessarily 
stretch more than other places. But when a round pipe 
stretches, two things happen—its diameter increases and its 
thickness decreases; therefore, as the strength of a tube to 
resist bursting is inversely as the diameter and directly as the 
thickness, each of these effects makes the stretched portion 
still weaker than-the neighbouring parts ; therefore a round 
pipe under the action of frost is in a state of unstable equili- 
brium ; the consequence is, knobs form on the pipe, and ulti- 
mately burst. 

Now consider the case of an elliptical pipe, of such strength 
of course, as to stand the ordinary water-pressure. As before 
suppose some portions are weaker than others. When expan- 
sion takes place they will suffer most, and will begin to give 
way. But an elliptical pipe on giving becomes more circular 
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and this the more easily as its section departs more from the 
circle; so the very fact of its becoming more circular makes it 
less ready to change its form. In a very little while, there- 
fore, though originally weaker, it will become as strong as 
neighbouring portions: therefore an elliptical pipe under the 
action of frost is in a state of stable equilibrium, and, instead 
of giving way in the bulbous manner of a circular pipe, it uni- 
formly becomes more circular. Now the expansion of water 
in becoming ice is known; and therefore it is easy to calculate 
by compound interest how many complete freezings (that is, 
freezings from one end of the pipe to the other) any given 
section of piping will stand before it becomes round. Of 
course, in practice, the whole length of a pipe does not get - 
frozen; yet if it were originally all of it elliptical, the unfrozen 
portions would be effective in preventing the more exposed 
parts from bursting ; because as soon as the exposed portions 
have become rounder than the rest, the latter, and not the 
former, will yield. If two places in the pipe become com- 
pletely frozen through and then the intermediate portion 
freezes, it is true that parts beyond the frozen plug will have 
no effect. 

Mr. Powell and I tried a series of experiments on the sub- 
ject to see if, in practice, the pipes behaved as we expected. 
We obtained a quantity of ?-inch lead pipe, about +45 inch 
thick, and some thin composition pipe of the same size. The 
piping was cut into lengths of about three feet; half of them 
were squeezed into an approximately elliptical form, and the 
rest left circular in section. The degree of ellipticity was 
such that the major axis was a little more than twice the minor 
axis. Oneend of each pipe was squeezed together and soldered. 
Into the other ends brass plugs cut with a sharp thread were 
screwed while hot, having been previously smeared with a 
cement of rosin, beeswax, and red-ochre. After these plugs were 
inserted and while still hot, the lead was, as an additional pre- 
caution, squeezed over a narrower portion of the plug above 
the screw-thread. In each plug a hole had been drilled and 
tapped. Through these holes the pipes were filled with water; 
and then iron screws, with washers of leather boiled in bees- 
wax and tallow, were used to make a tight joint. The pipes 
were then all laid together in a long box, and surrounded with 
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a freezing-mixture. When a short test-pipe of the same dia- 
meter showed that the water was completely frozen, the pipes 
were removed and thawed. The round composition pipe was 
burst. The round lead pipe was swollen in an irregular 
manner. The elliptical piping had become slightly rounder, 
but was perfectly uniform in shape from end to end, which 
was not the case when it was put in the freezing-mixture. 
The most noticeable thing, however, was the fact that all the 
unburst pipes had become good water-hammers, and this 
showed that leakage could not have occurred. The screws 
were removed, the pipes filled, again screwed up and refrozen, 
and this was repeated till all were burst. The round lead and 
the thin elliptical composition pipe burst at the third freezing, 
and the elliptical lead pipe at the sixth. Judging from the 
fact that it required three freezings to burst the round pipe, 
one might be led to suppose that a round pipe would last 
equally long under ordinary conditions, which is certainly not 
the case. The reason is that, under ordinary conditions, a 
greater length freezes at a time and more slowly; and a slight 
inequality arising, the expansion from a greater volume of 
water is concentrated on the weaker places, which therefore 
give way during the second, if not the first, freezing of the 
water. 

It might be thought that, as the outer layers of ice are 
below the freezing-point when the pipe is being cooled, they 
would not act asa plastic body and accommodate themselves to 
the changing form of the pipe; bu+ no doubt can remain as to 
their behaviour in this respect when the pipe is cooled in air; 
for in the freezing-mixture, where the rate of cooling must be 
much more rapid, such accommodation takes place perfectly, 
even thin composition pipes changing their form and becoming 
round, The apparent plasticity of the ice may depend on 
fracture and Yegelation; for if the outer layers are below the 
freezing-point, and a bursting-pressure is brought to bear on 
the compound pipe formed of lead and ice, it might yield, the 
lead bending and the ice cracking, and so allowing the water 
to penetrate the cracks and freeze in them. Whether this 
action takes place or not does not much matter: the result, as 
in the somewhat different case of glacier-motion, is much the 
same. 
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If the pipe is made of such a form that it will not become 
round till it has been completely frozen, say, three times, it 
will take a great many frosts to burst it, as those parts that 
do not freeze easily will protect the more exposed portions ; 
so absolute security may be relied upon till ordinary round 
pipes have burst once or twice ; and then the now nearly round 
ones may be squeezed back to their original form. The choice, 
then, is between two evils; either burst pipes, with the usual 
damage and cost. of repair, or the trouble of inspection every 
second or third time that the neighbours find that the “ thaw” 
has burst theirs. 

We thought it possible that iron might be tae elastic 
to return to its original form; and so we froze water in two 
3-inch iron gas-pipes, one round and one which had been flat- 
tened when red-hot. The round pipe burst the first time; 
the flat one did return slightly when thawed, but not enough 
to prevent its bursting during the second operation. 

No doubt most people will not consider this proposal of 
Mr. Powell’s a satisfactory cure for burst pipes ; they would 
like something which could be fixed in their houses and which 
would be always safe without further attention. But till such 
a discovery is made, I think elliptical pipes give the best solu- 
tion of a problem which has troubled every householder. 

As the subject of this paper is of physical as well as general 
interest, I hope that it may be considered not unworthy of the 
attention of the Physical Society. 


VII. On the Determination of Chemical Affinity in terms of 
Electromotive Force—Part V. By C. R. Auber Wricut, 

D.Sc. (Lond.), F.RS., Lecturer on Chemistry and Physics 
in St. Mary’s Hospital Medical School*. 


On the Relationships between the Electromotive Force of a Daniell 
Cell and the Chemical Affinities involved in its Action. 

102. In accordance with the theorem stated in § 61, the 

E.M.F. that would be requisite to break up a given aie, 

trolyte under given conditions into the “nascent” products 

of electrolysis would be a constant amount, were it not that 


* Read February 11, 1882. 
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the secondary physical and chemical actions of the electrodes, 
and of dissolved gases, &c. upon the nascent products give 
rise to the development of an amount of heat, the energy 
equivalent to which diminishes the work that would otherwise 
be done by the current whilst effecting electrolysis; so that 
the H.M.F. corresponding to the net electrolytic work actu- 
ally done is less than the constant amount that would be 
requisite in the absence of these interfering circumstances ; 
under certain conditions, the diminution in the work is so 
great that work is gained instead of spent, when the cell 
becomes an electromotor. Hxperiment shows that, ceteris 
paribus, the amount of diminution is less the more rapid the 
rate of current-flow; so that in a decomposing cell; in which, 
on the whole, work is spent during the passage of the current 
in doing electrolysis (the heating effect due, in accordance 
with Joule’s law, to the resistance proper of the cell being left 
out of consideration), the counter E.M.F. set up (representing 
the work so spent) is of + sign, and increases in magnitude 
with the rate of current-flow ; whilst in an electromotor, in 
which, on the whole, work is gained during the passage of the 
current, the counter E.M.F. set up is of — sign (i.e isa 
direct E.M.F.), and decreases in magnitude with the rate of 
current-flow. 

This decrease in magnitude, although a phenomenon well 
known under the name of “ polarization of the cell,” has never- 
theless been less thoroughly investigated than is desirable. 
Thus, for instance, in the case of a given Daniell cell it is un- 
known to what relative extents the diminution is due to each 
of three entirely different possible causes, viz.:—first, the for- 
mation, in consequence of the electrolytic actions goitig on, of 
a stronger zinc-sulphate solution round the zinc plate, and of a 
weaker copper-sulphate solution round the copper piate, than 
were there originally ; secondly, the more or less incomplete 
action as regards setting up E.M.F. of the energy gained by 
the solution of the zinc, and displacement thereby of copper 
from the copper-sulphate solution; and, thirdly, the somewhat 
analogous want of completeness in transformation into E.M.F. 
(and quantity of electricity jointly) of the energy gained by 
the transformation into ordinary copper of the nascent metal 
thus set free. In order to refer briefly to this possible want 
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of completeness in development of E.M.F., it will be conve- 
nient to term that portion of the energy due to the various 
actions taking place in the cell that does contribute to the 
setting-up of aiferenee of potential, the “adjuvant ” ponies of 
this energy; whilst the remainder is spoken of as the ‘‘non- 
adjuvant” energy. Of course the non-adjuvant energy in 
practice makes its appearance in the form of heat developed 
ab initio, and not in accordance with Joule’s law—i. e. not due 
simply to the passage of a current through a resistance. 

As regards the possible non-adjuvancy of energy thus indi- 
cated, it is to be noticed that whilst the observations of nume- 
rous experimenters agree in showing that, under certain con- 
ditions, at least an approximate equality subsists between the 
electromotive forces actually developed in a Daniell cell, and 
in various analogously constructed cells, and those corre- 
sponding to the net chemical changes taking place therein 
(viz., in the case of a Daniell cell, the displacement of copper 
from copper sulphate by zinc), this approximate equality 
does not exist under all conditions even in a Daniell cell, inas- 
much as, first, considerable discrepancies exist opeees the 
values ph iaied by different observers working under different 
conditions, and, secondly, the same cell exhibits values vary- 
ing with the nate of current-flow through so-called “ polari- 
zation;” whilst, on the other hand, with certain forms of cell 
the maximum H.M.F. developed falls considerably short of 
that corresponding to the net chemical action. These discre- 
pancies and amounts of falling short appear to be in certain 
cases considerably greater than can be accounted for by the 
formation of solutions of zinc and copper sulphates &c. of dif- 
ferent densities through “ migration of the ions,” thus indica- 
ting considerable extents of non-adjuvancy. 

In order to obtain further information upon these points, a 
large number of observations have been made upon various 
forms of Daniell cell and allied combinations; the general results 
of which are that, with the normal Daniell combination (zinc, 
zinc sulphate, or dilute sulphuric acid, copper sulphate, copper), 
the amount of non-adjuvant energy with suitable plate-surfaces 
and with feeble rates of current-flow is insensible, but becomes 
very considerable with more rapid rates of flow, or with certain 
impure forms of metallic plate-surfaces—the non-adjuvancy 
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being partly due to incomplete development as H.M.F. of the 
energy due to the solution of the zinc, but more especially to 
the imperfect development as E.M.F. of that due to the trans- 
formation of nascent into ordinary copper; whilst the forma- 
tion of solutions of densities different from those of the fluids 
originally employed also contributes to the diminution in the 
effective E.M.F. of the cell. With certain other forms of cell, 
more or less non-adjuvancy exists under all circumstances. 
In the following paper only those experiments referring to the 
normal Daniell cell are described, the remainder being post- 
poned to a later occasion. 


Experiments made to deternune the total fall in E.M.F. through 
so-called Polarization, occurring in variously arranged Daniell 
Cells for definite amounts of increase in the rates of Current- 
flow. 

103. A gravity Daniell cell was constructed (fig. 1) with 
two zinc plates, A and B, supported so that 
their upper surfaces were in the same hori- 
zontal plane, by means of stout wires passing 
through an indiarubber cork, C, the under 
surfaces of the plates, and the wires between 
the cork and plates, being covered with gutta 
percha, This cork fitted into the lower end 
of a wide glass tube some 4 or 5 centim. in 
diameter and 12 or 15 long; at the other end 
was a precisely similar cork arrangement, D, 
carrying two copper plates, E and F, of which 
only the lower surfaces were uncovered with 
gutta percha. The plates A and E were each 
of such size as to expose precisely 2°5 square 
centim. of surface, whilst the plates B and F 
each exposed double that area. In order to 
arrange the cell as a gravity battery, a con- 
centrated zinc-sulphate solution (sp. gr. nearly 
1-4) was run into the cell until half full, and 
then a cold-saturated solution of copper sulphate (sp. gr. 
somewhat below 12) was carefully floated on the top of the 
zinc-sulphate solution. In some experiments this disposition 
of the plates was reversed, the copper plates being lowest and 
the zinc plates highest; in these cases saturated copper-sul- 
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phate solution was first poured in, and then a lighter zine- 
sulphate solution. To avoid the almost inevitable contamina- 
tion of the zinc-sulphate solution with faint traces of copper 
sulphate which occurs when the former is poured on to the 
latter, no matter how carefully done, it was found more satis- 
factory to fill the cell half full of the zinc-sulphate solution, and 
then slowly to introduce the copper sulphate at the base of the 
cell through a U-tube passing through the cork C, the end 
inside the cell being drawn out to a point and bent downwards, 
so that the copper-sulphate solution flowed in gradually and 
lifted up the zinc-sulphate solution without passing into it as 
a jet and so more or less impregnating it with copper. 

It is evident that, since A and B, E and F are respectively 
in the same horizontal planes, the resistance of the column of 
fluid between the plates, R, must be sensibly the same, whether 
the smaller pair of plates, Band F, or the larger pair, A and H, 
be employed to generate a current; either of which can at plea- 
sure be done by simply connecting the mercury-cups G H1K, 
attached to the appropriate plates, with the extremities of a 
known external resistance. By measuring the difference of 
potential EH subsisting between the ends of this resistance the 
current passing, C, is known; hence if R be known, the 
E.M.F. of the cell, e, is known, being given by the equation 

e=E+CR. 

The value of R can be deduced, with a fair amount of pre; 
cision, from the results of two series of observations with 
varying currents, made, first, with the smaller, and, secondly, 
with the larger pair of plates, in the following way:—By divi- 
ding the actual current-strengths by 2°5 and 5:0 (the super- 
ficies in square centimetres of the plates respectively), two 
series of values of E for corresponding “ current-densities ”’ 
(rates of flow per square centimetre of plate surface) are ob- 
tained, by interpolation from which, for a given current-den- 
sity D, two values, E, and E,, are deduced for the smaller and 
the larger pair of plates respectively. The E.M.F. with the 
smaller pair, ¢, is manifestly - 

é; =H, + 2°5 DR, 
whilst that with the larger pair is 


eg >= E+ 5:0 DR. 
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It is evident that, when the density of the current is the same, 
and the surfaces of the two copper and of the two zinc plates 
are respectively in the same conditions, the effect on the 
£.M.F. caused by the passage of a current must be sensibly 
the same, inasmuch as the same amount of zinc is dissolved 
and of sulphate of zinc formed, and the same quantity of cop- 
per is deposited ‘and of copper auiplete decomposed, per square 
centimetre of plate surface ; so that e; must sensibly =e,. 
Hence, since 


E,+2°5 CR=E,+5:0CR, 
it results that 
_ H.-R, 
= ose 

By contrasting in this way the values of the E’s obtained with 
various current-densilies, a set of values for R are obtained, 

fairly concordant when the observations are carefully made nn 
the plates of such materials as to remain in the same condition of 
surface throughout the experiment, or nearly so, so that on in- 
troducing a given external resistance into the circuit, sensibly 
the same values for the HK’s are uniformly obtained. With 
sulphate-of-zine solution surrounding the zinc plates, and with 
amalgamated plates (copper as well as zinc), this permanence 
is more readily ensured than when dilute sulphuric acid is used 
(with amalgamated zine plates), or when the copper plate is 
not amalgamated, but only freshly coated with electro-deposited 
metal. Indeed, to obtain a sufficient number of readings when 
dilute sulphuric acid is employed, it is preferable to discharge 
the cell after an hour’s use and recharge it, amalgamating the 
plates afresh, and filling up with the same solutions as before 
to exactly the same levels (ensured by suitably marking the 
glass), so that the resistance of the cell may vary as little as 
possible, the temperature being so adjusted as to be sensibly 
the same on the average throughout. Thus the following 
series of values was obtained as the average result of four sets 
of readings alternately with gradually ir vreasing and gradually 
diminishing external resistances, wit’: a cell containing nearly 
saturated copper-sulphate solution, freshly electro-coated cop- 
per plates, amalgamated zinc plates, and dilute sulphuric acid 
of 1-045 gp. gr., the plates being reamalgamated and reelectro- 
coated respectively for each successive series—all the observa- 
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tions being reduced to the same standard as that adopted 
throughout this, paper, viz. the average reading at 15°5 of a 


large number of Clark’s cells taken as 1°457 volt*. 


Smaller plates, Larger plates. 

Q,. De E,. C,. D,. E,,. 
0017388 | 0006952 869 00385 ‘000770 770 
000960 | :0003840 960 001854 | ‘0003708 927 
000509 + | -0002036 1:018 000999 =| :0001998 “999 
0002112 | 00008448} 1:056 0005195 | -0001039 1:039 
0001075 | 00004300) 1-075 0002136 | :00004262| 1-068 
0000543 | 00002172] * 1:085 0001085 | :00002170} 1-085 
0000273 | 00001092) 1-092 0000546 | -00001092| 1-092 
00001057 | 00000423} 1-097 0000262 | 00000524) 1-097 
00000533 | :00000213] 1-100 0000108 | -00000216} 1-100 
00000215 | -00000086| 1:103 00000535 | -00000107| 1-103 
00000107 | :00000043]  1:103 00000215 | 00000043 1:103 
00000052 | 00000021} 1-103 00000105 | 00000021 | 1:103 


* The exactness of this value depends not only on how far the average of 
these cells is identical with the average of those which served as the basis 
of Clark’s valuation (Proc. Roy. Soc. xx. p. 444), but also on the exactness 
with which the B.A. unit of resistance isdetermined. If this latter be too 
small—as appears probable from the experiments of Joule, and of the 
writer and Mr. Rennie (Phil. Mag. March 1881, p. 169), from the results 
of Rowland, and from the recent experiments of Lord Rayleigh and Prof. 
Schuster—the true value of an average Clark’s cell is below 1:457 to 
the same proportionate extent: thus, if the B.A. unit be really 0:99 
ee the E.M.F. of an average Clark’s cell is only 0:99 x 1-457 
x 108=1:442 x 108 C.G.S. units. In view, however, of the fact that the 
question of the amount and even of the direction of the error (if any) in 
the B.A. resistance unit is not yet absolutely settled, it is assumed in this 
paper that there is no error at all. 

For analogous reasons the value of J is assumed, as previously, to be 
42x 10° ergs, the evidence in support of its having a higher value still 
being not inconsiderable; although the probability is that, if the B.A. 


resistance unit be only 0:99 See J is close to 41:5 10°. The 


value of x (the electrochemical constant defined in § 7) deduced in § 9 as 
the most probable, viz. 000105, is also adhered to, notwithstanding that 
Mascart’s recent experiments (Comptes Rendus, xciii. p. 50) tend to indi- 
cate that this value is too large, 0001044 representing his final result: this 
value is 0°8 per cent. lower than 00010527, the mean value deduced from 
Kohlrausch’s experiments. If J be taken = 41:5x 10°, and x be assumed 
= 0001048 (mean of Mascart and Kohlrausch’s results), the value of xJ, 
the factor for reducing gram degrees to C.G.S. E.M.F. units, becomes 
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104. From these figures the following values for R are de- 
duced—the first four determinations only of each series being 
employed, on account of the smallness of the differences be- 
tween H, and EK, in the other cases:— 


E,. E,. 
% ] at alan 
Interpo- Interpo- 
Observed. laced: Observed. ee 
000770}... 847 | 770 a 077 | 4:00 ohms. 
0006953) = --869 5a a “799 070 403° ,, 
0003840) -960 wa ae 921 039 405 ,, 
0003708 oe 965 927 Fes 038 ca Bary 
0002036} 1-018 328 a: 997 021 AN? a. 
‘0001998 So 1-019 ‘999 ae “020 404 ,, 
‘0001039 AE 1:050 1:039 - ‘O11 424 ,, 
“0000845! 1-056 ad Bee 1047 009 4:28 ,, 
AVONAZC Solsecceceee 411 ohms. 


Taking 4°11 ohms as the average value of R, the following 
numbers are calculated from the above observations, the values 
of H, and E, being obtained by interpolation:— 


Values from observations with |Values from observations Average 

smaller plates. with larger plates, wallis Of 
a —_ e.=E. | of cell. 
D. | BE. 25xDRi bang! Ex 0xDRB| 2 ong. 


‘Fall. 


0 1-103 aoe 1:103 | 1-108 aes 1-103 1103 | 0 
000001} 1°103 ae 1103 | 1103 ee 1:103 1103 | 0 
000002} 1-100 a 1.100 | 1-100 aes 1-100 1100 {003 
000005] 1-096 1:096 | 1-097) ‘001 1-098 1-097 |006 


‘O0001 | 1092} ‘001 1:093 | 1002; -002 1-094 1:094 |-009 
‘00002 | 1:086} -002 1-088 | 1-086} ‘004 1-090 1-089 |-014 
00005 | 1:072} -005 1077 | 1-065} :010 1-075 1076 |-027 
‘0001 1051} -010 1:061 | 1041} ‘021 1-062 1:062 |-041 
0002 | 1:019} -021 1-040 999) “O41 1-040 1-040 |:063 
“0004 ‘957 | “041 ‘998 916) -082 998 ‘998 |:105 
‘0007 868 | -072 “940 798 |: 44 942 ‘941 |-162 


It is evident that the values of e, and e, accord so closely 


4349, or 1:4 per cent. less than 4410, the value hitherto assumed, ani stil! 
retained in this paper. 

Prof. 8S. P. Thompson applies the term “Faraday coefficient” to the 
numerical value x (Journ. Soc. Arts, xxx. p. 84); should this term be 
generally accepted, the letter F might gracefully be used instead of x to 
indicate the factor, just as J is used to indicate the Joule coefficient. 
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that their average may fairly be taken as representing, with 
but little error, the E.M.F. of a cell containing copper and 
zinc plates in the condition of those experimented with in this 
instance*. 

105. In various other analogous experiments the concord- 
ance was usually not quite so close as in this example, a 
smaller number of readings (one or two sets only) being made; 
but the discrepancy was in no case so great as materially to 
influence the general character of the curve representing the 
variation in the value of the E.M.F. with varying currents, ob- 
tained on plotting the results by making the currents abscissz 
and the electromotive forces ordinates. The following table 
(p. 53) exhibits, side by side, the values obtained in various 
acses selected as specimens: in numerous other cases not quoted, 
the curves obtained were considerably similar to those indicated 
by the figures given in the table and represented in fig.2. The 


Volts. 


0 1000 +2000 ~ 3000 4000 5000 6000 7000 
Microampéres per square centimetre. 


resistance of the cell, R, is stated in ohms, and the electromo- 
tive forces in volts; the “maximum E.M.F.” indicates the 


* It might appear at first sight that a third valuation of the E.M.E. of 
the cell might be deduced as follows:—Since e,=E,+2°5 DR, and also 
@,=E,+5 ‘ODR, it results that e, =e, =2E, —E,; butit isevident that this 
value is such that e, is the arithmetical mean between e, and 2K,—-E 
and hence that the average of the three values must be identical with oo 
and therefore less exact than the mean of ¢, and ey = 


aoe I. II. IIL. Iv. 

Pure metal Bright pure Commercial | Coated over with | Pure metal | Pure metal 
| scraped bright. metal. zinc plate _|a film of copper by/ amalgamated.| amalgamated. 
im eZine plates) can.cser--e-tcseeeae scraped bright. /immersion in weak 
iS copper-sulphate 
ie solution. 
| | ¥ 
2 Freshly electro-| Freshly electro-|Freshly electro-| Freshly electro- |Electro-metal Freshly 
5 | Copper plates .........e cee covered. covered. covered. covered. thoroughly electro- 
~ amalgamated.| covered. ” 
9 ‘ 
ad Zine-sulphate | Zinc-sulphate | Zinc-sulphate | Zinc-sulphate Zinc-sulphate| Dilute sul- 
3 Fluid surrounding zines ...... solution, solution, solution, solution, solution, phuric acid, 
a sp. gr. 1-42. sp. gr. 1°42. sp. gr. 1-10. sp. gr. 1:10. sp. gr. 1-42. | sp. gr. 1:(45. 

Deen ABE Nieeen va. aeteaCoasease Nas tackases 11-2 13-0 95 54 11:15 4:11 
© | Maximum BMF 1-098 1-098 1-091 1:050 1-094 1-103 
I 
a Current-density. 
= Observed amounts of Fall in Electromotive Force. 
yz, | O.G.S. units. | Microampéres. 

a pee 

| 

2 000001 10 bs 001 001 a 0 
Zz 000002 20 ake ae ‘006 006 oe 003 
fe 000005 50 009 ‘010 ‘013 O11 -005 006 
fy 00001 100 018 021 019 018 ‘011 009 
é “00002 200 025 032 028 028 023 ‘014 
4 00005 500 038 049 044 — 046 048 027 
S 0001 1000 052 069 056 060 083 ‘041 
= 0002 2000 082 ‘101 085 ‘087 “134 063 
=| "0003 3000 106 “130 “107 110 174 084 
iS 0005 5000 149 179 ‘151 155 223 125 
‘ ‘0007 7000 ox 36 sa eae oe 162 


; 
V. VI, VII. 


Pure metal 
amalgamated. 


Electro-metal 
thoroughly 
amalgamated. 


Dilute sul- 
phuric acid, 
sp. gr. 1-045. 


42 
1-096 
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average value of the highest B.M.F. observed throughout the 
various series of readings, this value being always observed 
when either no current at all circulated, or a current of less 
magnitude than about 8 microampéres* per square centimetre. 
The copper plates were uniformly surrounded by nearly satu- 
rated copper-sulphate solution (sp. gr. 1:175); the zinc plates 
were sometimes surrounded by nearly saturated zinc-sulphate 
solution (sp. gr. about 1:4), and were then lowest; in other 
cases they were highest, and were then surrounded either by 
zinc-sulphate solution of sp. gr. 1:10, or by dilute sulphuric 
acid of sp. gr. 1:045. 

It is noticeable that whilst experiments Nos. I. and II. show 
that the curves obtained are by no means necessarily identical 
even when the conditions are sensibly the same (owing appa- 
rently to differences in the character of the copper deposited 
during the action of the cell), experiments Nos. I., III., and 1V. 
indicate that but little difference in the curve is brought about 
by using commercial instead of pure zinc, or by altering the 
surface of the zinc by covering the bright metal with a film of 
copper (although more or less marked depressions in the maxi- 
mum EH.M.F. are occasioned thereby); on the other hand, 
experiments V. and VII., as compared with the others, indi- 
cate that amalgamating the copper renders the rate of fall in 
H.M.F. sensibly more rapid. But little difference, on the 
whole, is apparently occasioned in the curves by the use of 
zinc-sulphate solution (whether stronger or weaker than the 
copper-sulphate solution), as compared with dilute sulphuric 
acid ; what difference is brought about is of this kind—that 
the sulphuric-acid curves slightly underlie the zinc-sulphate 
curves. 

In none of the experiments made was any measurable de- 
pression of the H.M.F. of the cell brought about when the 
current flowed at a rate not exceeding 8 microampéres per 
square centimetre; and in several cases this rate of flow might 
be doubled before any depression greater than ‘001 volt (0-1 


* In accordance with the nomenclature adopted by the recent Interna- 
tional Electrical Congress, the term ampére is used throughout this paper 
to indicate what in the former paper of this series was designated a weber, 
viz. 0'1 C.G.S. current-unit; so that a microampére = ‘0000001 C.G.S. 
cuirent-unit = 1077 ampére. 
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per cent.) was occasioned. As a rule, when the current- 
density was from 30 to 50 microampéres per square centimetre, 
a diminution in the E.M.F. of from 0°5 to 1 per cent. was 
brought about; whilst diminutions of 10 per cent. and-upwards 
were occasioned when the current-density exceeded 3000. 
Supposing the same values to hold for ordinary Daniell cells 
(which is prebably not quite the case, as the zinc and copper 
plates are. usually unequal in size), it results that, with cells of 
ordinary dimensions (e. g. holding a litre and exposing a sur- 
face of 500 square centinietres), no appreciable diminution in 
the: E.M.F. would be brought about when the current does 
not exceed 500x8=4000 microampéres (‘004 ampére) ; 
whilst diminutions of several tenths per cent. would be occa- 
sioned with .currents of fivefold magnitude (‘02 ampére), 
and diminutions of 10 per cent. and upwards when the cur- 
rent exceeds 500 x 8000=1,500,000 microampéres (1°5 am- 


pére). 


Experiments made to determine the maximum Electromotive 
Forces of variously arranged Daniell Cells containing Zine- 
sulphate solution around the zine, and the maximum pro- 
portion of the Fall in the E.M.F. of the Cell with gradually 
increasing currents, that could be due to accumulation round 
the plates of fluids of different densities through the migra- 
tions of the ions. 


106. A long series of experiments was next made with the 
object of determining ‘how far the very considerable diminu- 
tion in the E.M.F. of a Daniell cell, above shown to exist 
when moderately strong currents’ are generated, can be ac- 
counted for by the strengthening of the solution of zinc sur- 
rounding the plate, and the weakening of the copper-sulphate 
solution round the copper plate, which necessarily take place 
in consequence of the migration of the ions accompanying the 
passage of the current. Inasmuch as the use of dilute sul- 
phuric acid introduces complications, these observations’ were 
made in the first instance with zinc-sulphate solutions only 
round the zinc plates ; later on (§ 111), similar experiments 
with cells containing sulphuric acid are described. 

It results from the experiments of Moser (Annalen der Physik, 
iii. p. 216) and H. F. Weber (Phil. Mag. [5] viii. pp. 487 & 
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523), that when a stronger solution of zinc (or copper) sul- 
phate diffuses into a weaker one of the same salt, plates of 
zinc (or copper) placed in the two solutions acquire different 
potentials, that in the stronger solution being at the higher 
potential: the potential difference reckoned per a constant 
difference in specific gravity of solution (e. g. a difference of 
0°1) is not constant, but depends on the actual values of the 
specific gravity, being less the stronger the solutions. The 
maximum value obtained (in the case of zinc-sulphate solu- 
tions containing respectively 60 and 1 per cent. of crystallized 
salt) was only ‘036 Daniell, or about 040 volt; whence it 
would seem that if the effect produced by zinc-sulphate solu- 
tion in diffusing into copper-sulphate solution is of the same 
order of magnitude as that produced by diffusing into another 
zinc-sulphate solution of strength equivalent to that of the 
copper-sulphate solution, the effect on the E.M.F. of a Daniell 
cell, due to migration of the ions, cannot possibly materially 
exceed ‘04 volt; whilst, whatever the magnitude of the effect, 
it must tend to diminish the H.M.F. of the cell, since it’ par- 
tially equalizes the difference of potential between the zinc 
and copper plates set up by the chemical action alone. In 
order to find out the actual magnitude of the diminution due 
to this diffusive action in various cases, a number of determi- 
nations were first made of the H.M.F. set up in various forms 
of Daniell cell when generating currents of magnitude not 
exceeding 8 microampéres per square centimetre (and usually 
when generating no current at all) the zinc- and copper-sulphate 
solutions being in any given case of the same specific gravity*. 
The average values being thus fixed, the observations were 
then repeated, using solutions not of the same specific gravity. 
It is particularly noteworthy in this connexion, that the E.M.F. 


* Although two solutions of zine and copper sulphate, respectively of 
the same specific gravity, are not absolutely chemically equivalent to one 
another (7. e. do not contain precisely equivalent percentages of the two 
salts), yet the difference in specific gravity between any two solutions of 
equivalent strengths is so small that, for all practical purposes, it may be 
assumed that when the specific gravity is the same the solutions are of 
equivalent strengths. Direct determinations of the specific gravities of 
various solutions of equivalent strengths (made by dissolving known 


weights of the air-dry pure salts to known weights of aqueous solutions), 
gave the following results :— 
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of a Daniell cell was found to be sensibly independent of the 
strength of the solutions when both are of the same specific gra- 
vity—t. e. the deviations observed from equality were less than 
the experimental errors. 

The cells employed were constructed of two small beakers 
—one containing zinc-sulphate solution and plates of zinc 
(scraped bright, covered with electro-deposited metal, or 
amalgamated with pure mercury), and the other copper-sul- 
phate solution and similar copper plates. The two beakers 
were connected, in the way described by Raoult (Ann. de Chim. 
et de Phys. 4th series, ii. p. 317, and iv. p. 392), by means of 
an inverted Y-tube, the ends of which, dipping into the two 
beakers respectively, were covered over with thin bladder, the 
tube being filled with the zinc-sulphate solution. Each one 
of the zinc and copper plates used was soldered to a platinum 
wire fused into a piece of glass tubing, forming a mercury- 
cup; the soldering and the whole length of the platinum wire 
being thickly covered with gutta percha, so that only zinc (or 
copper) was exposed to the fluid. The plates were then con- 
nected with a series of mercury-cups in such a way that, by 
simply moving a double switch connected at one end with two 
mercury-cups in connexion with the electrometer-quadrants, 
and dipping at the other end into two of the series of cups, 
any required pair of zinc and copper plates could be brought 


Percentage of | Specific gravity || Equivalent percentage | Specific gravity 
at 18°. 


CuSO,, 5H, O. at 18°. of ZnSO,, 7H,0. 
1 1-006 1-15 1-007 
3°75 1023 sf 43 1-026 
75 1-047 86 1-053 
15 1-098 17-2 . 1-107 
22:5 1:156 25°9 1-163 
30 1-214 34:5 1-223 


The 30-per-cent. solution of copper sulphate was slightly supersaturated, 
and deposited crystals on standing in a closed vessel; saturated zinc- 
sulphate solution has a specific gravity upwards of 1:4. It is ncteworthy 
that these figures indicate that when given bulks of water and of either 
zinc- or copper-sulphate solution are mixed, an increase in bulk occurs, thus 
agreeing with J. Thomsen’s result that dilution of a solution of either salt 
is accompanied by heat-absorption (§ 113). 
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into connexion with the electrometer. Fig. 3 shows the 
arrangement used for two pairs of plates, and fig. 4 that for 


Fig. 3. Fig. 4. 


three pairs. In the former the two zinc plates, z, and zs, are 
connected with mercury-cups Nos. 1 and 3 (No. 1 being also 
connected with No.5), whilst the two copper plates, c,and ca, 
are connected with cups Nos. 2 and 4 respectively. Cups 
Nos. 6 and 7 are connected with a standard cell (the error of 
which, in reference to the average taken as 1°457 volt, is 
known). By means of a double switch any pair of the series 
of cups 1 to 7 can be connected with cups 8 and 9, which 
are connected with the electrometer through the usual rever- 
sing-gear; sothat when Nos. 1 and 2, 2 and 3, 3 and 4, and 
4 and 5 are thus connected, the electromotive forces due to 
the combinations 21¢, ¢122, C2) C2%, are respectively read off; 
whilst when 6 and 7 are connected (as represented in the 
figure) the electrometer-scale is standardized. In actually 
taking readings a double set was always employed, the switch 
being successively used to connect the four combinations and 
the standard with the electrometer, and then to connect them 
again in reversed order; so that, by taking the averages of the 
two sets, any error due to running down of the electrometer 
during the readings might be eliminated (in practice the run- 
ning down during the period was insensible, the variation 
being usually at most only 2 or 3 per cent. during the whole 
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day, and often much less). When three pairs of plates were 
used, the three zincs were connected respectively with cups 
1, 3, and 5; whilst cup No. 2 was connected with No. 4, 
and also, by means of a movable wire, with either of three 
other cups, Nos. 10, 11, and 12, with which respectively the 
three copper plates were connected: so that when No. 2: was 
connected with 10, as represented in the figure, the com- 
binations ¢12,, ¢22, and ¢,z3 could be read off by connecting 
the double switch with 1 and 2, 2 and 3 (or 3 and 4), and 4 
and 5 successively; and similarly for the other combinations. 

107. The ultimate results of upwards of a hundred series of 
valuations of the electromotive forces of various combinations, 
mostly lasting over four hours, were as follows:— 

(1) With the stronger solutions used (specific gravities 1:100 
to 1:175) the E.M.F. set up after the first few minutes remained 
sensibly constant for several hours (the temperature being 
constant), never differing from the final average of the four 
average sets of readings: made in each of the first four hours 
by amounts outside the limits of observational error. For 
instance, the following values were obtained in one experi- 
ment, in which the temperature throughout was close to 18°, 
the specific gravity of the solutions being 1:175:— 


Average E.M.F. determined during the ; 
Final 


Combination. average. 


Ist hour. 2nd hour.j3rd hour.|4th hour. 


Amalgamated zinc— 1-112 1-113 1-114 1114 11132 
electro-copper ... 


Bre ee ero 1-110 | 1109 | 1AN2,|, Ilo |- "141102 


COPPEr ...--.se0ee. 
eure ey L-1i0 A 1-t92!| | 1422-) 120} 14207 
bright copper ... . 

Be ee tie Ub | 1118s) iis) | T1170 
COPPEN csseesecs.oe 


Very similar results were obtained’ in all the other cases. 
After twenty-four hours the H.M.F. usually diminished to a 
greater or less extent. These changes are referred to later on 
(§ 108), being probably due to oxidation of the metals by dis- 
solved air. 

(2) With weaker solutions (sp. gr. 1:0065 to 1:050) the 
E.M.F developed during the first half hour or so was usually 
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slightly lower than the value attained subsequently ; which, 
value remained sensibly constant for several hours, and then 
fell to a greater or lesser extent, as with the stronger solutions. 
Accordingly, in such cases the lower readings during the first 
half hour or so were not taken into account in the final ave- 
rage. Forany given combination of plates, the final average 
thus obtained with weaker solutions was sensibly identical 
with that obtained with the stronger solutions™. 

(3) The combinations that gave the most constant results 
on repetition of the experiments were those containing amal- 
gamated zinc and either electro-copper or amalgamated cop- 
per; next to which were those with electro-deposited zine and 
these same kinds of copper plates. Combinations containing 
either bright zinc or bright copper (7. e. rods of fused metal 
or sheets of rolled metal filed, scraped, or sand-papered to 


* The conclusion that the E.M.F. developed by a given pair of plates 
immersed, the one in zinc-sulphate, the other in copper-sulphate solution, 
is sensibly independent of the strength of the solutions when both are of 
the same density (or, at least, that the variation in E.M.F. caused by 
variation in strength of the solutions is not outside the limits of experi- 
mer lerror), is further corroborated by the results of still more direct 
experiments on the matter. Three cells were arranged, containing solu- 
tions respectively of the specific gravities 1-010, 1-090, and 1:175, each 
containing a recently electro-coppered: plate and a freshly amalgamated 
zinc plate. A number of readings were taken of the potential-differences 
subsisting between the plates in each case; and then the plates were ex- 
changed—the pair from the first cell being placed in the second, that origi- 
nally in the second being transferred to the third, andsoon. After anew 
set of readings had been taken, the plates were again exchanged and a 
third set of readings taken; so that each pair of plates was read in each 
cell. The following figures were finally obtained, all readings taken 
during the first half hours after immersion of the plates being rejected :— 


Specific gravity 1:010. | Specific gravity 1-090. Specific gravity 1-175. 


Ist pair of plates 11127 | 2nd pair of plates 1:1122/ 3rd pair of plates 1-1125 
2 ord 


nd iy) ye A1180'Grd) ach) gave Om) Ta i eens 
Sd, |, LAUdOl deh | eet nn eee ete 
aS UN icon ae 11132 Meaneoe 11124 Monts 11125 


In each case the value found as the mean for the three pairs of plates 
differs from the general average 1:1127 by an amount so small as hardly, 
if at all, to be outside the limits’ of experimental error. 


CHEMICAL AFFINITY IN TERMS OF ELECTROMOTIVE FORCE. 61 | 


perfect brightness) exhibited a considerably wider range of 
variation. By comparing various bright copper plates with 
one and the same amalgamated zinc plate, or various bright 
zine plates with one and the same electro-copper plate, it was 
found that differences, amounting nearly to 0:010 volt in the 
most extreme instances, were observable in each case with 
different bright plates as compared with one another. On the 
other hand, on comparing various electro-copper or amalga- 
mated copper plates with one and the same zinc «plate, or 
various amalgamated zinc plates with one and the same copper 
plate, the extreme ranges of fluctuation were found to be not 
more than half those observed with bright plates, and usually 
did not exceed +°001 as compared with the average. 

(4) As the ultimate average result of all the determinations 
made, it was found that an amalgamated zinc plate gave, when 
opposed to a given copper plate, an E.M.F. lower by :002 volt 
than a bright zinc plate, and lower by °001 volt than an 
electro-zine plate. The actual differences in various experi- 
ments ranged in the former case between +°006 and —:004, 
the bright zine plate sometimes giving a higher value, and 
sometimes a lower value, than the amalgamated plate—more 
frequently the former. (In the example quoted above, the 
bright zine plate gave a value lower by ‘0030 when opposed 
to an electro-copper plate, and by °0037 when opposed to a 
bright copper plate.) With electro-zinc as compared with 
amalgamated zinc, the difference ranged between +:°004 and 
—‘008, the electro-zinc sometimes giving a higher and some- 
times a lower value than the amalgamated zinc, more usually 
the former. 

(5) Similarly, the effect of substituting a bright copper plate 
for an electro one in any given combination was uniformly to 
cause an increase in the H.M.F.. by an amount varying between 
001 and -010 volt, and averaging, on the whole, 006. (In the 
example quoted above, bright copper gives a higher value 
than electro-copper by ‘0075 when opposed to amalgamated 
zinc, and by 0068 when opposed to bright zinc.) The effect 
of amalgamating a copper plate was found to be, on the whole, 
to give an E.M.F. lower by ‘001 than that given under the 
same conditions by a freshly electro-coppered plate, the actual 
difference ranging between +°002 and —°003, the amalga- 
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mated plate sometimes giving a higher value and sometimes a 
lower one than the electro-plate, more frequently the latter. 
It is worthy of notice that no sensible difference was obser- 
vable whether the plate amalgamated were previously of bright 
rolled metal or of electro-metal ; so that, on the whole, the 
effect of amalgamating a bright rolled plate was to depress 
the E.M.F. by 006 +:001=:007. 

(6) The average results of all the experiments made are 
contained in the following tabular statement: increase in 
E.M.F. is indicated by the + sign, and diminution by the — 


s1gn :-— 


Variation in the E.M.F. due to the use of aia 
and copper-sulphate solutions of different | Tecs than 
strengths between the limits of sp. gr. 1:0065 ¢ +-901, 
and 1:175, both solutions being of the same | ag 
specific gravity in any given case . . . 


Maxi- | Mini- Ave- 
mum. | mum. panes rage. 
Effect of substituting for fresh electro-copper :— 
Bright rolled copper sheet’ ................... +:010}+:001} -009 |+-006 
Amalgamated copper (surface wet with +002 —-003| -005 |—-001 
HUI MerCUry,) Masse eeacacssadeuaeseete cee se 
Effect of substituting for fresh electro-zinc :— 
BrighticashaMee ss. swesdeere tees ceconecraceees +:005 |—-005 |} -010 |+-001 
Amalgamated zinc (surface wet with fluid d f 2 re 
MEXCUDY) )ssesecssesareeneratecs Secoade Cocenet | BA matlab Hah oe 


Electromotive force of combinations :— 
Amalgamated zinc—Amalgamated copper ...} 1-115) 1:110} 005 | 1-113 


5 a Hlectro-copper ......... 1116] 1111} -005 | 1-114 

7. Bright copper ......... 1-124] 1-115} -009 | 1:120 
Electro-zinc—Amalgamated copper ......... 1-116] 1110} 006 | 1-114 
re a Electro-copper .....0.co..sesees L118, Lelibs) 007. tabs 

. z Brightcoppers ....sesteesns seges| Wee LIS) OLO} | ion 
Bright zinc—Amalgamated copper ~...... AeLALO | LOO OLO | Meats 
a - Electro-copper BB eocrnaccore 705 (el oA TUK ROIs eae 

.; v4 Bright copper............0 Srensts 1126 | 1-112) -014 | 1:122 


108. The above figures are, as already stated, derived from 
the observations made during the first four hours after setting 
up the cells, the values registered during the first half hour or 
so with weaker solutions being rejected on account of their fre- 
quently being lower than the sensibly constant values attained to 


Pe ad» 
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subsequently. When the cells were allowed to stand for twenty- 
four hours, or for longer periods, a greater or less fall in the 
E.M.F. wasusually noticed: by taking out any pair of the plates 
(e. g. the amalgamated zinc and the electro-copper plates) and 
replacing them by a freshly prepared similar pair, it was found 
that the value rose again to sensibly the same value as on the 
previous day when onlv set up a few hours; so that by taking 
out first one and then the other of the pair of plates, determi- 
nations could be made of the amount of the total fall attribu- 
table to alterations of either plate separately. The actual 
values thus obtained fluctuated considerably. As a general 
rule, it was found that bright copper plates gave the same 
value after twenty-four hours’ immersion as they did at first ; 
but occasionally the value was lowered by ‘002 to 004. 
Electro-copper plates usually gave values less by 002 or ‘003 
after twenty-four hours than at first ; and in some instances, 
when the pink electro-metal was sensibly browned or disco- 
loured by oxidation, either all over or here and there in spots, 
the diminution was even greater, sometimes as much as ‘010, 
Amalgamated copper plates, if the surface were still white and 
brilliant after twenty-four hours, gave the same value as at 
first; but if the mercury had sunk into the copper, and brown 
spots of oxidized metal were here and there visible, the H.M.F. 
was a few thousandths of a volt lower than at first. With the 
zine plates greater diminutions were, as a rule, observed. In 
some cases amalgamated plates showed little or no diminution 
after twenty-four hours; but generally a diminution of ‘002 to 
005 was observed; whilst with bright and electro-zinc plates 
diminutions of from ‘001 to ‘015 were noticed. On the whole, 
after twenty-four hours the E.M.F. was sometimes unchanged, 
and sometimes less by ‘020. After forty-eight hours the fall 
was more perceptible still, the few combinations that had not 
appreciably altered during twenty-four hours always showing 
a decided fall after a longer period. It is noticeable in this con- 
nexion, that cells after Daniell’s construction, but containing 
other metals than copper, did not always give the same results 
as normal Daniell cells. Thus, for instance, whilst cells con- 
taining cadmium sulphate and cadmium plates behaved like 
copper Daniells, in that the E.M.F. was sensibly steady for 
some hours after first setting up, and only exhibited a mea- 
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surable fall after several hours had elapsed, and not always 
then, analogous cells containing silver sulphate and silver 
plates invariably showed a perceptible fall in less than an hour 
after first setting up, the diminution becoming progressively 
greater as a longer time elapsed. That this diminution was 
due to a change (presumably oxidation by dissolved air) 
induced on the surface of the zinc plate was rendered evident 
by the fact that, on taking out from such a zinc-silver cell the 
zinc plate after the lapse of an hour or more, and opposing it 
to electro-copper in an ordinary zinc-copper Daniell, an E.M.F. 
was indicated considerably less than the value given by a fresh 
zinc plate, and usually just about as much less as represented 
the fall in E.M.F. observed with the zinc-silver cell at the end 
of the period during which it was observed, as compared with 
the H.M.F. at the beginning of that period, when it was newly 
set up. 

109. It is further to be noticed, that all the above-mentioned 
figures were obtained with cells the nature of the construction 
of which was such that diffusion of copper-sulphate into the 
zinc-sulphate solution, and consequent deposition of copper on 
the surface of the zinc, did not take place at all during the 
whole time that the observations lasted. With ordinary 
gravity-cells it is almost impracticable to prevent traces of 
copper reaching the zine after some twenty-four hours at’ 
latest: the effect of the deposition of even the faintest traces of 
copper on the zinc surface is to cause a considerable fraction 
of the energy due to the solution of the zinc to become non- 
adjuvant, and thus materially to diminish the E.M.F. Thus, 
for instance, the following figures were obtained with one cell, 
and similar ones in numerous other cases: — 


E.M.F. of gravity-cell newly set ne zinc eet 1103 
wholly free from copper bt 
After 8 hours: faint tarnish visible on bite zinc . 1:095 
», 24 hours: slight film of:copper on the zine . 1:070 
», 48 hours: thick film of copper on the zinc . 1:045 


In much the same way, the presence of even small quantities 
of impurities in the zinc causes an appreciable diminution in 
the H.M.F. In all the above-described observations, some of 
the purest zinc that could be bought was employed, being 
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fashioned into plates and rods by melting in a porcelain 
crucible, pouring out on a fire-clay tile, and cutting into slips 
with a chisel, &. When commercial sheet or cast zine was 
used, or when pure zinc was amalgamated with imperfectly 
purified mercury, the E.M.F. developed when such zinc was 
opposed to a given copper plate was often very materially less 
than the value obtained with pure zinc, or pure zinc and 
pure mercury. Thus, whilst values varying between 1:111 
and 1:116 were obtained with pure amalgamated zinc opposed 
to fresh electro-copper as above described, values varying 
from 1:080 to 1°109 were obtained with commercial zinc 
amalgamated with pure mercury, and with pure zinc amal- 
gamated with impure mercury, similarly opposed. 

It is abundantly evident from the above-described results 
(not to speak of those detailed later on), that “the E.M.F. 
of a Daniell cell’ is a unit of comparison subject to decidedly 
wide limits of fluctuation ; but that it is possible to reproduce 
a standard cell of the kind within a maximum limit of 
variation of about +0°25 per. cent., by using Raoult’s form of 
construction together with a recently electro-coppered or 
amalgamated copper plate, and a pure zinc plate amalga- 
mated with pure mercury, the zinc- and copper-sulphate 
solutions used being both of the same specific gravity, the 
precise value of the specific gravity being immaterial. Even 
- when made, however, such a standard cell cannot be relied 
on for more than a few hours. 1¢ will be shown in a 
subsequent paper that whilst Latimer Clark’s mercurous- 
sulphate cell is subject to an even wider range of fluctuation 
in E.M.F. than the best forms of Daniell cell, its permanence 
is very far superior, a well-constructed cell giving absolutely 
the same value (when used in conjunction with a quadrant 
electrometer only) for months and months together. 

110. The above described experiments having given results 
indicating the average values of the electromotive forces | 
developed with different characters of plates when the specific 
gravities of the solutions surrounding the plates are the same, 
further series of observations were made with cells in which the 
zinc- and copper-sulphate solutions were not of the same 
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specific gravity, the mode of operating being otherwise the 
same as before. As predicable from Moser’s figures, and as 
previously observed by H. F. Weber, it was found that when 
the copper-sulphate solution was the more dense of the two, 
the E.M.F. was higher than with solutions of equal density, 
and vice verséd when the zinc-sulphate solution was the stronger. 
The average results of various observations, mostly lasting 
over four hours as before, are contained in the following table ; 
in every case the zinc plate employed was of pure metal and 
amalgamated with pure mercury. 


Effect of increasing the strength of the Zinc-sulphate solution 
relatively to that of the Copper-sulphate. 


Average H.M.F. at 18° of 


Specific gra- combination. 
yy ot cole ee aa ee 
* |Nature of Previously ence in E.M.F. 
copper found for to difference in 


plate. | Ob- |solutions of | Differ-| specific gravity. 
Zine Copper served.| equal spe- | ence. 


phate sulphate. hak 


$$ | | — | —_____ 
—_———  _— 


od 1-010 { Bright. | 1:107| 1-120 | -013 


1-175 1-050 { Electro. | 1102] 1114 | -012 


#1395 L010 { Electro. 1-077 1114 037 


¥1°395 “1175 { Electro. | 1:097 1114 | -017 


Bright. | 1104] 1-120 | -016 


Oo 
pa 
bo 
E| 
| 
=) 
& 


016 — (7? 
| 0165 og = 079 


egg 
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Bffect of increasing the strength of the Copper-sulphate solu- 
tion relatively to that of the Zinc-sulphate. 


; Electro.}1129] 1114 | -o18 | 
1010 1-080 { Bright. {1135 | 1-120 | -015 
O15 | ses =0-188 


Mirtle F Blectro. [1-132 | 1114 | 018 
1-010 jx 175 { Bright. |1-141 | 1-120. | -o21 


0105 |) 2138 


F 4 Electro. | 1126 1114 012 
1050 fel 175 | Bright. }1:133 | i120 | -013 | 


: *0125 
0125 ao8 ='100 


: Electro. | 1:123 1114 009 
1090 |x 175 { Bright. |1128} 1120 | -008 


0085} 2. .100 


It is evident from these figures that the accumulation 
round the zinc plate of zinc sulphate, and the exhaustion of 
the copper sulphate in the solution round the copper plate, 
even if carried out to the utmost possible extent, could not 
diminish the E.M.F. of a Daniell cell by more than ‘03 to :04 
volt; whilst it is hardly probable, even with tolerably rapid 
currents, that the accumulation would suffice to diminish 
the E.M.F. by more than half that amount—a diminution 
almost negligible in comparison with the much larger amounts, 
0-1 volt and upwards, found above to be due to this cause of 
diminution and non-adjuvancy jointly. 

It is noticeable in passing that the above figures show that 
when two solutions of zinc and copper sulphates interdiffuse, 
the E.M.F. set up (like that produced by the interdiffusion of 
two zinc-sulphate, or of two copper-sulphatesolutions, as studied 
by Moser) is of such a character that the stronger solution 
acquires the higher potential; the actual value of the E.M.F. 
developed also is less for a given difference in specific gravity the 
stronger the solutions, and, so far as the two sets of results can 
be compared, agrees fairly with the values deducible from 


Moser’s experiments—indicating that the difference between 
: . zinc 
the E.M.F. set up when two different solutions of { copper 


* Solution almost saturated at ordinary temperatures, 
F 2 
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sulphate diffuse into a constant copper t sulphate solution is 
substantially the same as the E.M.F. set up when these two 


: zinc : : : alee 
different Ris. sulphate solutions diffuse into each other. 


Moreover the effect of a given alteration in the strength of 
the zinc-sulphate solution (every thing else remaining the 
same) is sensibly equal in amount, but opposite in sign, to 
that of a similar alteration in the strength of the copper- 
sulphate solution; it is evident that only when this is the case 
can the E.M.F. of the cell be the same whether the solutions 
be strong or weak. It will be shown in a future paper that 
this property, though not absolutely peculiar to the normal 
Daniell cell, is still rather the exception than the rule with 
analogous voltaic combinations. 


Experiments with Daniell Cells containing dilute Sulphuric 
Acid 


111. In all the above described experiments, the solution- 
surrounding the zine plate was one of pure zinc sulphate. 
Various previous experimenters, notably H. F. Weber, have 
found higher values for the electromotive forces of Daniell 
cells containing dilute sulphuric acid than for those containing 
zinc-sulphate solution (vide § 113): a priori a higher valus 
might be anticipated, because a notable amount of heat is 
evolved on further diluting even weak sulphuric acid; so that 
the total energy gained in the cell is not merely that due to 
the displacement of copper from copper sulphate by zinc, but 
also that gained in the dilution of the sulphuric acid through 
the diffasion which necessarily goes on. On trying experi- 
ments of the same kind as those just described with cells con- 
taining dilute sulphuric acid of various strengths (the zinc 
being amalgamated), it was found that not only was there a 
considerable want of permanence in the E.M.F. set up, the 
values perceptibly decreasing after a period of time (varying 
in different cases from half an hour to several hours) had 
elapsed since setting up the cells, but, further, that two cells, 
apparently set up in identically the same way, exhibited much 
greater differences in their readings during the period before 
the E.M.F. began to diminish, than were observed in the zinc- 
sulphate cells examined as above described. On the whole, 
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however, the average values obtained distinctly pointed to the 
conclusion that, when the acid and copper-sulphate solutions 
are of the same specific gravity, the E.M.F. rises with 
strength of the solition ; and that when they are not of the 
same specific gravity (the acid not being stronger than spe- 
cific gravity 1:18), the E.M.F. is sensibly that due to a cell 
containing liquids both of specific gravity equal to that of 
the acid in the cell examined, corrected by the addition (or 
subtraction) of a quantity representing the difference in spe- 
cific gruvity of the solutions multiplied by the numerical value 
deduced from the zinc-sulphate cell experiments, representing 
the difference in E.M.F. produced by a variation in the specific 
gravity of the copper-sulphate solutions equal to that between 
the acid and copper sulphate in the cell examined: 1. e, if, for 
example, the E.M.F. of a cell containing both liquids of sp. 
gr. 1°100 be E, that of a copper-cell containing acid of sp. gr. 
1-100 and copper-sulphate solution of sp. gr. 1:010 will be 
E—(1°100—1-010) xa, where « is the factor expressing the 
diminution per unit difference of specific gravity in the H.M.F. 
between the limits of sp. gr. 1:010 and 1°100 for copper- 
sulphate solution. Similarly, that of a cell containing acid of 
sp. gr. 1°100 and copper-sulphate solution of sp. gr. 1°175 
would be E+(1°175—1-100)8, where 8 is the corresponding 
factor for a difference in specific gravity between the limits 
1°100 and 1°175. 

Thus, for instance, the following values were obtained with 
a cell containing fluids both of sp. gr. 1:175, the temperature 
being close to 18° throughout. 


oe 2 Se ee eee 
Period since setting up. ist hour 2nd hour.|3rd hour.|4th hour| Average. 


Electro-copper plate ...... 1161 | 1-162 | 1-163 | 1-160 | 1-1615 


Pasir rs ry octet 1-167 | 1168 | 1168 | 1:166 | 1°1672 
In most cases, however, a distinct fall of upwards of 005 val 
occurred in less than four hours. 

A number of similar series of observations (upwards of 
thirty) with various other cells, in which the fluids were 
always of equal specific gravity, faye the following results, 
the observations being only continuéd as long as the H.M.F. 
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remained sensibly constant—i. e. for a period of time varying 
from thirty minutes to four hours, and averaging about two ~ 
hours. In all these experiments electro-copper and amalga- 
mated pure zinc plates were employed. 


Electromotive force set up, in volts. 


Specific gravity 
of fluids. 
Maximum. | Minimum. Average. 
1:010 1143 1121 1129 
1-050 1150 1°128 1139 
1:090 1°155 1137 1148 
1-175 | 1179 1161 1-169 


Evidently, even with the weakest acid, the E.M.F. is sen- 
sibly above that developed with zinc-sulphate cells—viz. 1°114; 
whilst with stronger solutions the difference is yet more 
marked. 

112. A number of analogous observations were made with — 
cells containing dilute sulphuric-acid and copper-sulphate 
solutions, not both of the same specific gravity: the average 
results were as follows:— 


Approximate 


Specific gravity of |Excess of spe- ; Observed E.M.F. 
solutions, cific gravity of pape for Average | corrected for 
copper sul. Noasgeenty H.M.F. excess of specific 
eae Copper phate over of copp Sai observed. | gravity of cop- 
cid. | , ulphate. acid solution. sulphate. per sulphate. 
1010; 1-050 | +040 | —ooos | 1147 1-139 
1010} 1-090 +080 —0-015 1135 1-120 
1010; 1:175 +165 —0:019 1137 1-118 
ne Average...... = 1126 
1050; 1°175 +125 —0-012 1:148 1-136 
1175| 1050 | —1% | +0012 | i168 | 1180 


limits of experimental error in this class of the various expe- 
riments made, 
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A peculiar result was obtained with cells containing sul- 
phuric acid of sp. gr. 1:265, and nearly saturated copper- 
sulphate solution of sp. gr. 1°175. The E.M.F. was consider- 
ably depreciated, the average value in four sets of experi- 
ments with electro-copper and amalgamated pure zinc plates 
being only 1-084 (maximum 1-095, minimum 1:067). On 
standing a few hours, copper-sulphate crystals formed at the 
junction of the two fluids, showing a much less degree of solu- 
bility of the salt in the acid fiuid formed than in pure water. 


Relationships between the maximum E.M.F. developed by a 
Daniell Cell and the Energy due to the net Chemical. action 
‘aking place therein. 

113. The above-described results afford a ready explanation 
of the discrepancies between the valuations of the H.M.F. of 
a Daniell cell that have been made in absolute measure by 
vatious observers, amongst the more important of which may 
be cited those of Bosscha (Pogg. Ann. ci. p. 517, 1856), 
vo. Waltenhofen (Pogg. Ann. cxxxiii. p. 478, 1868), 
Kdilrausch (Pogg. Ann. cxli. p. 456, and Ergédnz. vi. p. 35), 
H.F. Weber (Phil. Mag. 1878, [5] v. p. 189), and J. Thom- 
sen (Wied. Ann. xi. p. 246, 1880), all of which valuations 
lie between 1-088 and 1-132 volt when reduced to that unit 
(and, in the case of Bosscha’s results, corrected for an error of 
aboat 8 per cent. in the value of the coil used by him). To 
these may be further added the electrostatic valuations of 
Sir W. Thomson and Latimer Clark, both of which lie near to 
1-11 volt. Favre (Comptes Rendus, \xix. p. 35) and Raoult 
(Ann. Chem. Phys. [4] ii. p. 338, and iv. p. 392) obtained by 
methods involving calorimetric measurements numbers repre- 
senting the “ galvanic heat”’ of a Daniell cell, and equivalent 
to considerably smaller electromotive forces, their valuations 
(23993 and 23900 gramme-degrees respectively ) corresponding 
to 1:058 and 1:054 volt. In these instances, and in the case 
of the lower values obtained by other observers, doubtless the 
“polarizations” produced by the passage of the tolerably 
powerful currents employed were considerable. The highest 
values were obtained with cells in which dilute sulphuric acid 
was used; thus, H. F. Weber found that a perceptibly higher 
value was obtained with such a cell than with one containing 
zinc-sulphate solution, viz. 11317 and 1°1286 (mean=1°1301) 
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as compared with 10954. That this should be the case is 
predicable from the nature of the heat-evolutions taking 
place when zinc is dissolved in acid of various strengths. Let 
an amount of heat, H,, be evolved when a gramme-equivalent 
of zinc oxide is dissolved in sulphuric acid of given strength, 
S8O,H., m H,O; and let H, be the heat evolved on its solation 
in acid of a different strength SO, H,, » H, O, » being less 
than m. Let the solution SO,Zn, nH,O, resulting in this 
latter case, evolve /, of heat on the addition of (m—n) H,0, 
so as to form the solution SO, Zn, m H,O; and let the heat 
evolved on the addition of this quantity of water to SO,H,, 
n H, O, so.as to convert it into SO, H,, m H,O, be ha. Then, 
if the zinc oxide were dissolved in the stronger acid, and 
the zinc sulphate diluted, the heat-evolution would be H, +h, ; 
whilst if the acid were diluted first, and the zinc oxide were 
then dissolved in it, the total heat evolved would be H,+/z. 
Since of necessity the two amounts of heat, H, +h, md 
H, + ho, must be equal, it results that H,=H,—h,+h,. 
Now fh, is a considerable positive quantity in all cass; 
whilst Thomsen’s results on the heat evolved on solutior of 
salts in water (Deut. chem. Ges.Berichte, 1873, p. 710) indiate 
that when the solution is accompanied by heat-absorpton 
(as is the case with zinc sulphate), a further heat-absorption 
takes place on diluting a stronger solution of the salt with 
water, so that f, has a negative value. Hence, on loth 
accounts, H, is greater than H, ; that is, the work gained in 
the synthesis ZnO, SO; w aq. increases as « diminishes. Since 
the net chemical action in a Daniell cell is equivalent to 
the result of the actions (Zn, O)+(ZnO, SO; # aq.)—(Cu, O, 
SO; yaq.), it finally results that the chemical action taking 
place in the cell develops an amount of energy which in- 
creases, ceteris paribus, as x diminishes, 7. ¢. is greater the 
more concentrated the acid surrounding the zinc. 

On the other hand, when the zinc plate is surrounded by 
zinc-sulphate solution instead of sulphuric acid, the effect of 
variation in the strengths of the copper- and zinc-sulphate 
solutions will be comparati:ely but small when both are of 
the same degree of molecular concentration (which, as shown 
above, is very nearly the case when they are of the same 
density). If SO,Zn,nH;O evolves, as before, A, on addi- 
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tion of (m—n)H,O, and SO, Cu,2H,0 evolves hg on a 
similar addition, and if H; and H, are respectively the heats 
evolved when zinc displaces copper from Cu SO,, nH,0, and 
Cu SO,, mH,0, it results that, if zinc displace copper from the 
stronger solution and the resulting SO, Zn,nH,0 be diluted to 
Zn SO,,mH,0, the heat evolved will be H;+,; whilst if the 
copper-sulphate solution be first diluted and then the zinc 
displaces the copper, the heat-evolution is H,+h3. Since, of 
necessity, Hz; +A;=H,+43, it follows that H,=H,+h,—/y. 
Now, since the solution of zinc and copper sulphates (crystal- 
lized) is in each case accompanied by heat-absorption, it results 
that hz; and f, are both negative, and hence that h;—h, is 
negligible if h; is any thing like comparable with h, in magni- 
tude; so that in this case the energy developed by the net che- 
mical action taking place in a Daniell cell must be practically 
independent of the degree of concentration of the solutions. 

114. The earlier calculations of J. Thomsen, referred to in 
§16, as to the heat evolved in the displacement of copper 
from copper sulphate by zinc, are for various reasons probably 
less accurate than the later results obtained by him (Journ. 
prak. Chem. [2] xi. p. 412, and xii. p. 271); these different 
values may be thus contrasted, the values being gramme- 
degrees per gramme-molecule :— 


Values from experiments by An- 
drews, Dulong, Hess, Favre and Values from later experiments 


Silbermann, and J. Thomsen. of J. Thomsen. 

Zn, O, SO; ag. = 108460 106090 

Cu, O, SO; aq. = 56216 55960 
Difference = 52244 50130 


Corresponding in volts (per 
gramme-equivalent) to 1°152 


The earlier value is deduced from observations in which 
the heat of formation of copper oxide' from the metal by 
combustion is involved, the copper being in a more or less 
compact state, filings &c.; the latter involves the determizasion 
of the heat-evolution during the precipitation of spongy copper 
from copper sulphate by iron. Leaving out of sight other 
sources of difference between the two values, this affords a 
reason why the former value should. be the higher, since heat 
is evolved in the transformation of spongy into compact 
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copper *. On the whole, it is evident that the net che- 
mical change taking place in a Daniell cell (i. e. the displace- 
ment of copper from copper sulphate by zinc) corresponds to 
an E.M.F. which is a little higher than 1105 volt by an 
amount which is the greater the more compact the copper 
precipitated, and is approximately constant when the zinc 
plate is surrounded by zinc-sulphate solution of the same 
equivalent strength as the copper-sulphate solution surrounding 
the copper plate, but is influenced by the strength of the 
dilute sulphuric acid when the fluid surrounds the zinc plate. 
The amount of this influence can be approximately calculated 
from Thomsen’s determinations of the heat developed in the 
formation of the soltiions of strengths indicated by H,SO,, 
nH,O where n varies (Deut. chem. Ges. Berichte, iii. p. 496). 
Thomsen finds in gramme-degrees per gramme molecule :— 


n gramme-degrees, n gramme-degrees. 
G cassccsees GL4940 199 ......... 17056 
[Oot ccisceses LOGO SOD escesase Uke 
AOL eset LOOLG AGO Se osee aoe el Oae 
99S Fivaceese LOGDO= L5OO Bis. coee soe 17848 


From which table the values for any intermediate values of 
nm can be obtained by interpolation. In the experiments 
leading to the valuatiou 50130 gramme-degrees for the heat 
developed during the precipitation cf a gramme molecule of 
copper by zinc, Thomsen used fluids containing altogether 800 
molecules of water to one of zinc sulphate, &c. Hence, were 
the acid used in the synthesis Zn, O, SOs; aq., to be H, SO,, 


* That this is so is shown by the circumstance that if a current be sent 
through a decomposing-cell containing copper-sulphate solution and 
copper electrodes, of which the positive one is of compact rolled metal, a 
considerably higher difference of potential is set up, under any given 
conditions and with a steady current, than is set up when the + electrode 
is replaced by one covered with freshly electro-deposited metal. The more 
spongy texture of the latter corresponds to a greater heat-development 
during solution than that taking place with the compact metal, and hence 
to a diminution of the work that has to be done by the current in passing ; 
with not very powerful currents the difference often exceeds ‘02 or -03 
volt, corresponding to 450 to 700 gramme-degrees per gramme equivalent. 
In a somewhat similar way, but using the mercurial calorimeter, Favre 
found (Comptes Rendus, Ixxiii. p. 1258) that electro-copper gave out 
about 1000 gramme-degrees more heat than rolled metal per gramme 
equivalent ; this would correspond to an E.M.F. of :044 volt, 
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17 H,O (corresponding nearly to the sp. gr. 1:175), instead 
of H, SO,, 800 H,0, the heat-development would be greater 
than 106090 by 17632—15986=1646 gramme-degrees per 
gramme molecule (15986 being the heat of dilution of 
sulphuric acid when n=17, deduced from the above table): 
this corresponds to 823 gramme-degrees per gramme equivalent 
='036 volt; i.e. the H.M.F. corresponding to the heat- 
development during the displacement of copper from copper 
sulphate by zinc would be greater than 1:105 volt by 036, 
or would be 1:141 volt. To this amount should also be 
added the value of the E.M.F. equivalent to the heat-absorption 
during the dilution of Zn SOQ,,17 H,O to Zn SO,, 800 H,0. 
In a similar fashion it is calculable that to the value 1:105 
should be added the amounts '023, ‘019, and :008 volt when 
sulphuric acid of sp. gr. 1:090, 1-050, and 1-010 respectively 
surrounds the zinc, giving the sums 1°128, 1°124, and 1°113 
respectively. Hence, finally, the following tables of values 
result:— 


Zine surrounded by Zinc-sulphate solution. 


Electromotive force corre- 
sponding to net chemical Electromotive force observed. 
action. : : ; 
Bright zine opposed to bright 1-199 
copper 


Bright zine opposed te to electro- : 
copper . 1-116 
Bright zinc opposed to amal- 1115 
1105 +42, gamated copper 


Amalgamated zinc opposed toV 4.190 
' bright copper . . 
Amalgamated zinc opposed toy 


where x is a small 
quantity varying with 


the physical condition 
of the copper depo- e peep copay geet 
sited. malgamated zinc opposed to 1118 


amalgamated copper. . 

Hlectro-zine opposed to bright 1-191 
copper . 

Hlectro-zine opposed to elec- LLI5 
‘tro-copper . 

Hlectro-zine opposed to amal- 1114 
gamated copper a 
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Zine surrounded by dilute Sulphuric Acid. 


EME. observed 
Calculated  .ith = 
Strength of acid. electromotive opposed 
4 -  foree. mated zinc. 


H,SO,, 358H,O=sp.gr.1°010| 1:113+2+y 1-129 
H,SO,, 67H,O= ,, 1°050| 1124+2+y 1-139 
H,S0O,, 37H,O= ,, 1:090) 1:128+2+y 1-148 
H,SO,, 17H,0O= ,, 1:175| 1141l+<2+y 1-169 
where y is a small quantity corresponding to 

the heat absorbed on dilution of the zine sul- 

phate to Zn80,, 800H,0. 


x 


It is hence evident that in all cases the agreement between 
the E.M.F. actually developed and that due to the net che- 
mical and physical actions taking place is so close, that what 
differences exist lie within the limits of experimental error ; so 
that, finally, the conclusion may be drawn that, under favourable 
conditions, the E.M.F’.. of a Daniell cell is that due to the net 
resultant of the various physical and chemical actions taking 
place, the whole of the energy being adjuvant, viz. that 
gained by the displacement from copper-sulphate solution of 
copper by zinc, together with that gained by the transfor- 
mation into ordinary electro-metal of the “ nascent” copper 
first thrown down by the action; whilst under other conditions 
the E.M.F. falls below this amount, even after making 
allowance for the effect of the migration of the ions in 
causing solutions of different specific gravities to accumulate 
round the plates, indicating non-adjuvancy of one or other 
or both of these component portions of the total energy gained. 


Experiments made with a view to find whether the Fall in 
E.M.F. on increasing the Current-density is mainly depen- 
dent on changes taking place in connexion with the actions at 
the surface of the Zine or at that of the Copper plate. 

115. In order to trace out somewhat more completely, if 
possible, how far that amount of fall in the E.M.F. of a 
Daniell cell taking place as the current generated increases, 
which is not due to the accumulation of solutions of zinc and 
copper of different densities round the plates, can be attributed 
to actions taking place at one or the other plate respectively, 
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the experiments described above (§103, 104) were repeated, 
with the difference that, instead of two sets of readings only 
being made (viz. when the two larger and the two smaller 
plates respectively were opposed), four sets were made—(1) 
when the two larger plates were opposed, (2) with the larger 
zine and smaller copper, (3) with the two smaller plates, and 
(4) with the smaller zinc and larger copper plates opposed. 
By interpolation from the direct observational resulis, the 
differences of potential between the plates for any constant 
current-value were then calculated in each of the four cases. 
By comparing the values thus obtained in cases (1) and (2): 
and in (4) and (3), two sets of differences were obiained, 
indicating the effects produced by halving the area of the 
copper plate, every thing else being the same throughout, 
saving that with resulis (1) and (2) the larger zinc plate, 
and with the other pair of resulis the smaller zinc plate, was 
opposed to the two copper plates respectively: although this 
modified the actual values obtained in each of the original 
seis of readings, yet it produced practically no effect on the 
differences. In just the same way, by comparing the inter- 
polation values in cases (1) and (4) and in (2) and (3), two 
corresponding sets of differences were obtained, indicating 
the effects produced by halving the area of the zinc plate; 
as before, the two sets substantially coincided. Various 
experiments of this kind were made with different plate- 
materials and fiuids surrounding them: whilst the numerical 
values obiained were found to be to some extent variable 
with these conditions, yet, on the whole, it was always found 
that the effect of halving the area of the copper plate notably 
exceeded that of halving the area of the zine plate. For 
instance, the following numbers were obtained in one set of 
observations with a cell containing bright pure zinc plates 
surrounded by zinc-sulphate solution of sp. gr. 1°42, and 
freshly-coated electro-copper plates surrounded by copper- 
sulphate solutions of sp. gr. 1-175, the larger plates exposing 
a surface of 5-0 square centimetres, and the smaller ones expo- 
sing 2:5 square centimeires. 
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Effect of halving the area of the copper plate. 


Larger zinc plate opposed. ||Smaller zinc plate opposed. 


Current, Mean 
in micro-} 9 j 4 3 differ- 
ampeéres. (1) (2) Differ- (4) (3) Differ- ence. 


Larger | Smaller | “oce Larger | Smaller 
copper. | copper. ; copper. | copper. 


100 | 1:082 | 1:078 004 1-076 1-073 003 0035 
200 | 1:071 | 1:066 005 1-064 1-060 “004 0045 
500 | 1:061 | 1-055 006 1:052 1:047 | 005 0055 
1,000 | 1:045 | 1-036 009 1:035 1:026 009 0090 
2,000 | 1:026 | 1:015 ‘O11 1011 999 012 0115 


ence, 


5,000 964 ‘947 017 950 “929 021 ‘0190 
10,000 ‘876 843 0383 || | -854 "820 034 0335 
20,000 729 672 057 |, +698 639 ‘059 0580 


Effect of halving the area of the zinc plate. 


Larger copper plate opposed. | Smaller copper plate opposed.| 


Current, We 
in micro- | differ- 
sres. | _ (1) (4) ; (2) (3) ‘fons : 
eee Larger | Smaller ers Larger | Smaller ates bi 
Oe : ence : : ence. 
zinc.’ zine. zine. zinc. 


100 | 1:082 1-076 006 1-078 1-073 005 0055 

200 | 1:071 1-064 007 —||:«:1:066 1:060 006 

500 | 1-061 1:052 009 1:055 1:047 7008 | -0085 
1,000 | 1:045 1-035 ‘010 1:036 1:026 010 0100 
2,000 | 1:026 1011 013 1015 999 016 | 0145 


5,000 964 “950 ‘014 ‘947 “929 7018 |, :0160 
10,000 “876 854 022 843 820 , 023 || °0225 


20,000 729 698 031 672 | 639 | 033 * 0320 


116. In precisely the same way, the ollowing mean differ- 
ence-values were obtained in two other analogous experiments, 
in the first of which the zinc plates were amalgamated and 
immersed in zinc-sulphate solution sp. gr. 1:42, the copper 
plates being also amalgamated and immersed in copper- 
sulphate solution sp. gr. 1:175; and in the second of which 
electro-copper plates and copper-sulphate solution sp. gr. 
1:175 were employed, conjoined with amalgamated zinc plates 
immersed in dilute sulphuric acid sp. gr. 1:045. The above 
mean difference-values are also exhibited in the table. 
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Amalgamated zinc || Amalgamated zinc || Bright zinc and 
and amalgamated /and electro-copper || electro-copper— 
copper—zine sul-. |—-dilute sulphuric || zinc-sulphate 
Ourrent, phate solution. acid. solution. 
RCINICNOs| eet ae ee al 2 
ampéres.| Effect of halving || Effect of halving || Effect of halving 
area of area of area of 
— Se eS 
Oopper.| Zinc. || Copper. | Zinc Copper. | Zinc. 
100 | -001 001 001 001 0035 | -0055 
200 | :004 002 002 003 0045 | -0065 
500 ; :009 003 003 005 0055 | -0085 
1,000 | ‘015 004. 005 ‘007 "0090 | :0100 
2,000 , :024 005 ‘O11 010 0115 | -0145 
5,000 040 009 020 015 0190 | -0160, 
10,000 | :049 017 041 ‘020 0335 | :0225 
| 058 026 056 032 ‘0580 | -0320 


Much the same kind of result was obtained in various 
other similar experiments; the effect of halving the area of 
the copper plate was, especially with the stronger currents, 
much more marked than that of halving the area of the zinc 
plate. The actual value of the depreciation produced with 
the stronger currents in either case, moreover, clearly indi- 
cates that the diminution cannot psssibly be solely due to the 
formation of stronger zinc-sulphate solution round the zinc 
plate, and weaker copper-sulphate round the copper plate, in 
the case of the smaller areas, than are produced with the 
larger ones; and hence the conclusion is arrived at that 
when, by reason of the production of a current, the H.M.F. of 
a Daniell cell is diminished, and the energy developed becomes 
proportionately non-adjuvant, the non-adjuvancy is ascribable, 
aot merely to actions taking place at the surface of the zinc 
plate, but also, and more particularly, to those taking place 
at the surface of the copper plate. In the former case, the 
energy gained during the conversion of the metallic zinc of 
the plate into solution of zinc sulphate makes its appearance 
ander such conditions partly as heat from the very com- 
mencement of the action, and is never wholly manifested as 
slectric action expressible in volt-coulombs. In the latter 
case, the effect of the chemical action of the cell is to set 
free copper, which, in its transformation from the condi- 
‘tion in which it is first set free (nascent copper) to the con- 
lition ultimately assumed (more or less compact electro- 


80 DR. C. R. A. WRIGHT ON THE DETERMINATION OF 


deposited soft coherent metal), causes a gain of energy which, 
like that due to the solution of the zinc, is partly manifested 
as heat ab origine, and is never, under such conditions, 
obtained wholly as electric action. The actual proportion of 
the energy due to the solution of the zinc or to the agglome- 
ration (or allotropic modification) of the copper which is thus 
non-adjuvant, is variable within certain limits with the con- 
ditions of the experiment, the nature of the plate-surfaces and 
of the liquids in the cell, &., but, ceteris paribus, is greater 
the stronger the current: with very foeble currents (of 
density not exceeding some 8 microampéres per square centi- 
metre), the proportion of non-adjuvant energy is too small to 
be measurable. 


Summary of Results. 


117. The above-described experiments, and the conclusions 
to be drawn from them, may be thus summarized :— 

1. When a Daniell cell is constructed with equal-sized 
plates of pure zinc and pure copper (either compact bright 
metals, amalgamated plates, or plates covered with electro- 
deposited metal) immersed respectively in solutions of pure 
zinc and copper sulphates of the same specific gravity, 
and is made to generate a current not exceeding in density 
some 8 microampéres per square centimetre, an H.M.F. is set 
up varying within certain small limits according to the 
precise condition of the surfaces of the metals as regards 
polish, oxidation, &c., but always lying fairly close to 1115 
volt, and practically identical with the E.M.F. corresponding 
to the energy gained in the net chemical change ensuing, 
viz. the displacement of copper from copper-sulphate solution 
by zinc; so that under these conditions practically all the 
energy gained is adjuvant, whether due to displacement of 
copper by zinc, or to transformation into ordinary metal of 
the “ nascent ’’ copper thus set free. 

2. When impure zinc, or pure zinc amalgamated with 
impure mercury, is used, a greater or less amount of the 
energy gained is non-adjuvant, even under conditions such as 
would with pure zinc cause all the energy to be adjuvant. 
The source of this non-adjuvancy evidently lies in the nature 
of the actions taking place at the surface of the zinc plate; 
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the maximum E.M.F. that such a cell can generate is more 
or less considerably below 1°115 volt, in some instances by 
several per cent. 
3. When the density of the current exceeds 8 micro- 
ampéres per square centimetre, the E.M.F. of the cell falls 
more or less below 1°115 volt, owing to three causes, each of 
which produces an effect in the direction of diminishing the 
E.M.F. First, according as the current density is greater 
or smaller, a greater.or lesser degree of non-adjuvancy of the 
energy gained in the conversion of metallic zinc into zinc- 
sulphate solution is brought about. Secondly, a greater- or 
lesser degree of non-adjuvancy is similarly brought about in 
the energy gained by the transformation into ordinary copper 
of the ‘nascent’ metal liberated at the surface of the copper 
plate; other things being equal, this source of non-adjuvancy 
distinctly predominates over the other source just mentioned. 
Thirdly, the passage of the current causes a weaker solution 
. of copper sulphate to be formed round the copper plate, and a 
stronger one of zinc sulphate to be produced round the zinc 
plate, than were originally used; this sets up an inverse 
E.M.F., and diminishes the effective E.M.F. of the cell. 
The maximum possible diminution due to this cause does not 
exceed ‘04 volt; whilst with a current the density of which 
amounts to ‘003 ampére per square centimetre and upwards, 
the total diminution due to this cause together with the non- 
_adjuvancy amounts to several times this maximum possible 
value. The diminution due to these various causes jointly 
constitutes what is sometimes spoken of as the “ polarization” 
of the cell. : 

4. When the solutions of zinc and copper sulphate em- 
ployed are not of the same specific gravity, the E.M.F. of 
the combination differs. from that which would have been set 
up had both been of the same specific gravity by an amount 
which increases with the difference in specific gravity of the 
two solutions: if the copper-sulphate solution is the stronger, the 
E.M.F. is increased, and vice versd. The amounts of increase 
and decrease are sensibly the same as the electromotive forces 
generated when two copper-sulphate or two zinc-sulphate 
solutions interdiffuse, the specific gravities of which are iden- 
tical respectively with those of the two fluids actually present in 
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the cell examined. So long as the two solutions are of the 
same specific gravity, the E.M.F. set up is, ceteris paribus, 
sensibly. independent of the actual value of this specific 
gravity; at least the fluctuations observed are not outside the 
range of experimental errors. 

5. When dilute sulphuric acid is used instead of zinc- 
sulphate solution, its specific gravity being the same as that 
of the copper-sulphate solution, an increase in the E.M.F. of 
the cell is produced which sensibly corresponds with the 
increase in the “heat of formation” of zinc sulphate when 
sulphuric acid is employed of the strength used in the cell, as 
compared with acid diluted to a larger extent (H, SO,, 800 
H,0). If the copper-sulphate solution differs from the acid in 
specific gravity, the latter not exceeding 1:18 in specific gra- 
vity, the E.M.F, is raised above or lowered below what it 


. would have been had the copper sulphate been of the same 


specific gravity, by an amount which is sensibly the same 
as the E.M.F. generated by the interdiffusion of two copper- 
sulphate solutions the specific gravities of which are iden- 
tical respectively with those of the two fluids actually present 
in the cell examined. ; Shoes 

6. Owing to the diminution in the E.M.F. of a Daniell 
cell when generating a current, the fluctuations in the maxi- 
mum values obtainable with any given céll with the physical 
condition of the surfaces of the plates and the time that has 
elapsed since its construction, the tendency to deposition of 
copper on the zine by diffusion and the consequent dimi- 
nution in E.M.F., and the vatiation in E.M.F. according as 
dilute acid of different strengths or zinc-sulphate solution is 
used to surround the zinc plate, it results that “the E.M.F. 
of a Daniell cell”’ is a very variable standard of E:M.F. and 
one singularly devoid of permanence. By taking suitable 
precautions in the construction of a cell (using’ pure zinc 
amalgamated with ‘pure mercury, amalgamated or electro- 
copper, and pure zinc- and copper-sulphate solutions of the 
same specific gravity), a cell’ may be obtained the E.M.F. of 
which does not differ more than: +0°25 per cent. from 1:113 
or 1-114 volt, according as amalgamated or electro-copper is - 
used; but such a cell cannot be kept many hours without 
altering in value materially, and is in practice a very far less 


ELECTRIC RESISTANCE OF CARBON UNDER PRESSURE. 83 


convenient standard than the mecurous-sulphate cell of 
Latimer Clark; for, notwithstanding that the limits of varia- 
tion between two cells of this latter kind, similarly prepared, 
are somewhat greater than those of the best form of standard 
Daniell cell, it nevertheless possesses the valuable property of 
remaining sensibly constant (the temperature being the same) 
for many months, and even one or more years, as will be 
more completely shown in a future paper. 


VIII. On the Electric Resistance of Carbon under Pressure. 
By Professor Sitvanus P. Toompson, B.A., D.Se.* 


§ 1. Ir has often been stated that the electric resistance of 
carbon decreases when subjected (1) to an increase of tem- 
perature, (2) toa mechanical compression. The first of these 
statements has been verified by so many authorities that 
there can hardly. be any question of its correctness. The 
second I believe to be wholly misleading ; for some careful 
experiments that I have lately made lead to the conclusion 
that the effect of mechanical compression upon the electric 
resistance of dense carbon is almost, if not quite, nil, and 
that what has been mistaken for an increase in electric con- 
ductivity is in reality merely better contact at the points of 
jenction with the circuit. 

§ 2. A preliminary experiment to test whether the alleged 
decrease of resistance by pressure was due to a true increase 
in specific conductivity or to better end-contact, was made in 
the following manner :—A thin cylindrical rod of Carré’s 
dense artificial carbon (such as is used in electric lamps) was 

taken, its length being 72 centimetres. Ata point about one 
fourth of its length from the end a groove was filed round it, 
and around it was bound tightly the end of a clean thin copper 
wire. It was placed vertically upon a piece of copper in an 
upright frame, so that pressure could be applied longitudinally 
at the top ;°a flat piece of copper was placed upon the top of 
it and pressed lightly upon it. The point at which the thin 
wire was bound round it was then about 18 centim. from 
the lower end. The upper and lower portions were then 
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connected up with a Wheatstone’s bridge, provided, as in 
Kirchhoff’s pattern, with a wire of German silver stretched 
over 2 divided scale, the resistances of the two parts of the 
wire right and left being (when balance was obtained in the 
galvanometer) proportional respectively to the resistances of 
the two portions of the carbon rod. The relative, not the ab- 
solute, resistances of the two portions were therefore being 
measured. Two bichromate cells supplied the requisite cur- 
rent, the galvanometer being a short-coil astatic instrument 
of simple form. = 

On trying the resistances, it appeared that the resistance of 
the longer part, which was. uppermost, was somewhat greater 
in respect to that of the lower and shorter part than would 
have been expected from their relative lengths ; the ratio of 
their resistances being 81:19, or about 4:25: 1, whereas 
their lengths were as 3: 1 almost exactly. After taking the 
rod out of its place and putting it back again under light 
~ contact at the top as before, the ratio was found to be 82 : 18, 
or 4°55: 1. The rod was thus removed and replaced several 
times; and the ratio of the resistances was found to differ some- 
what every time, the figures varying from 4°7: 1 to 3°92: 1. 
Pressure was now applied at the top of the rod, and the ratio 
of the resistances was again measured. With a load of 5 kilo- 
grammes (as much as it was judged the rod would bear with- 
out risking breaking it), the ratio of the resistances was found 
to be much more constant and much nearer to the ratio of the 
lengths of the two portions, being 75:3 : 24-7, which is not very 
different from 3:1. It was therefore clear that the previous 
values had been greatly affected by the differences in contact 
at the two ends; the lower contact having less resistance than 
the upper, in consequence of the superincumbent weight of 
the rod and connexions—about 19 grammes in total. 

§ 3. Another rod of Carré’s carbon was next examined, and 
its actual resistance measured in ohms. Its length was 42°6 
centim., its diameter 0°48 centim. To prepare it for the ex- 
periment, it was electroplated with a thin coating of copper 
to the length of about 1 centim. at each end, the extremities 
being afterwards scraped bare of copper so that end-contacts 
should be made against the carbon itself. Copper wires were 
then carefully soldered to the copper coating at about 0°5 
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centim. from the ends. The object of this arrangement was to 
render possible a comparison between the resistance of the rod 
when there was merely end-contact—which might be more or 
less perfect according to the pressure—and the resistance of 
the rod as measured when there was a perfect contact through 
the deposited coatings of copper. The rod was then laid in a 
horizontal frame, where it reposed on two Y-shaped bearings— 
one end pressing against a lever-arrangement for the purpose 
of putting on a measurable amount of pressure, the rod being 
fixed at the other end by abutting against a brass set-screw. 
A copper piece was introduced between the lever and the ex- 
tremity of the rod, in order to provide an end-contact; and 
arrangements were made whereby the rod could be connected 
up in a Wheatstone-bridge, the connexion being made at 
pleasure either through the end-contacts or through the 
copper-plated junctions. 
The resistance of the rod between the copper-plated junc-— 
tions was then measured, the rod being free at both ends. It 
was found to be 0°56+0:007 ohm. The end-contacts were 
then made to touch lightly (the circuit through them remain- 
ing open). The resistance through the copper-plated junctions 
showed no change. Pressure was then applied to the rod lon- 
gitudinally, and augmented until it began to show lateral 
. distortion, the effective force along the rod being 4150 grms., 
equivalent (if the area of cross section of the rod be taken as 
0°18 square centim.) to 23,055 grms. per square centimetre. 
Yet, even under this pressure, not the smallest change could 
be detected in the resistance between the copper-plated junc- 
tions. If there was any, it was certainly less than 0:005 ohm, 
or less than 1 per cent. of the whole resistance. 

The circuit was now made through the end-contacts by 
moving the set-screw until the lightest possible contact was 
obtained, the connexions through the copper-plated junctions 
having been thrown out of circuit. The resistance thus deter- 
mined was 1°1 obm. Pressure was applied as before. The ~ 
resistance fell to 0°72 ohm when the pressure of 23 kilo- 
grammes per square centimetre was reached. On releasing 
the pressure, the resistance again rose until contact became as 
light as possible. The resistance attained 1:08 ohm, when it 
rose abruptly to infinity as the set-screw ceased to touch the 
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end of the rod. The battery and galvanometer used through- 
out were the same as described above. 

Nothing could be more significant than these observations. 
When perfect contact was ensured by electroplating, pressure 
produced no effect on the resistance of the carbon rod, or one 
inappreciably small. When circuit was made by pressing 
pieces of copper and brass against the rough ends of the car- 
bon rod, contact was only imperfectly obtained, and the resist- 
ance varied with the pressure because increased pressure 
brought about better contact, or contact at a greater number 
of points. 

The bearing of these observations upon the theory of the 
carbon rheostat, the carbon relay, the carbon transmitting- 
telephone, an the carbon microphone is obvious. 


University College, Bristol, 
February 1882. 


